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CHAPTER 1
Introduction
1.1 High Energy Density Materials
High energy density materials (HEDMs) are substances that release energy upon
initiation by shock, friction, heat, or electrical discharge.1 HEDMs have widespread applications
in pyrotechnics, propellants, and explosives. Pyrotechnic applications include fireworks and gas
generators for air bags and fire extinguishers, whereas propellants may be used in rocket or
missile fuels.2 There are two types of explosives, primary explosives and secondary explosives.3
Primary explosives are usually used in small quantities to initiate secondary explosives.3-4
Secondary explosives are much less sensitive than primary explosives, but usually have higher
detonation velocities, which increases the performance of the material.5 Lead(II) azide is a
primary explosive (Chart 1), whereas TNT and RDX are secondary explosives (Chart 2).

Chart 1. Examples of primary HEDMs
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Chart 2. Examples of secondary HEDMs
An HEDM can be characterized as a composite material that contains separate fuel and
oxidizer materials, such as an Al/Teflon mixture, or as a pure compound, like TNT that contains
both the fuel and oxidizer components built into the compound (Figure 1).6 Composite materials
have much greater energy densities than pure materials. For example the Al/Teflon mixture and
TNT have energy densities of 20.7 and 7.6 kJ cm-3, respectively. However, the explosion kinetics
of composite materials are slow due to solid state reactions that rely on the diffusion of the
oxidizer and fuel components into each other. Additionally, ignition of composite materials
requires high temperatures due to passivation layers on the surface of the fuel particles. In the
Al/Teflon mixture, ignition is initiated by homolysis of the C-F bonds in Teflon to generate F•,
which then diffuses through the 3-5 nm thick Al2O3 passivation layer to reach the reactive Al
surface. The high energy required for C-F homolysis and the thick passivating layer make
Al/Teflon mixtures impractical for HEDM applications.
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Figure 1. Examples of a composite material (Al/Teflon) with Al2O3 passivation layer (left) and a
pure compound (TNT) (right).
In pure compounds, such as TNT, the carbon backbone acts as the fuel which is oxidized
by the nitro groups upon initiation (Figure 1). Octanitrocubane and CL-20 have a large amount
of ring strain, which enhances the energetic properties of the compounds, relative to TNT, RDX,
and HMX (Chart 2).7 However, octanitrocubane, which may be the most powerful nitrocarbon
molecule available, only has an energy density of 12.0 kJ cm-3, which is less than twice that of
TNT. Pure compounds have much faster detonation kinetics than composite materials, but
nitrocarbon compounds suffer from lower energy densities. Therefore, one of the main goals of
HEDM research is to develop pure compounds with higher energy densities for use as
propellants and explosives.
Another issue with HEDMs is their toxicity, or toxicity of their explosion products. 4
Many commonly used primary and secondary explosives are toxic or decompose upon initiation
to toxic byproducts. For example, the decomposition of lead(II) azide releases lead-containing
byproducts into the surrounding atmosphere.4,

8

Soldiers and civilians who frequent shooting

ranges have nearly ten times more lead in their blood than what is considered safe by the EPA 8a.
Although the amount of lead azide used in shells is relatively small, it accumulates in the blood
due to chronic exposure to the lead-containing atmosphere that soldiers breathe. Additionally,
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nitro-containing compounds, such as TNT and HMX, can be toxic to the environment.8a HMX
was found to be one of the main nitro-contaminants in soil, which can work its way into the food
chain.
Endothermic, nitrogen-rich materials derive most of their energy from the oxidation of
weak N-N bonds to strong N≡N bonds leading to high energy densities. Nitrogen-rich
compounds are advantageous as energetic materials due to the formation of non-toxic N2 as a
detonation product.9 Additionally, the energy density of a compound typically increases as the
nitrogen content increases.10
Tetrazoles
Tetrazoles are five-membered aromatic heterocycles that contain four nitrogen atoms and
one carbon atom. Tetrazole-based materials have been studied for a wide array of purposes,
including carboxylic acid analogues in biochemistry,11 as ligands for metal-organic
frameworks,12 and as high nitrogen containing energetic materials.13
Tetrazole-containing compounds have positive heats of formation and are capable of
releasing two equivalents of N2 per tetrazole, and therefore are good candidates as energetic
materials. The aromaticity of tetrazoles make them relatively stable, and therefore many
tetrazoles and tetrazolates may be used as secondary HEDMs.14

Tetrazoles were first synthesized via cycloaddition of nitriles (RCN) with hydrazoic acid
(HN3) (eq 2).15 However, the high volatility, toxicity, and explosive nature of HN3 made
tetrazole synthesis impractical on a large scale. Cycloaddition of metal azides with nitriles was
investigated, however, the acidic conditions required for the reaction cause in situ HN3
formation.16 In 1998, Orita et. al. reported a tetrazole synthesis that avoided the formation of
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HN3 by the reaction of sodium azide (NaN3) with triethylamine•hydrochloride (Et3N•HCl) and a
nitrile in toluene (eq 3).17 In this reaction, NaN3 and Et3N•HCl react to form Et3N•HN3, which
reacts with the nitrile to form the triethylammonium tetrazolate salt (Et3NH•CRN4). Extraction
with water, followed by acidification leads to the formation of the free tetrazole (CRN4H). The
rate limiting step of the reaction is the formation of Et3N•HN3, due to the poor solubility of NaN3
and Et3N•HCl in toluene. The formation of the Et3N•HN3 adduct prevents HN3 liberation,
resulting in safer reaction conditions.

In 2001, Sharpless and co-workers published the synthesis of tetrazoles in water, which
only requires ZnBr2, in addition to NaN3 and RCN (eq 4).18 HN3 formation was undetectable
using concentrations of 0.5 M NaN3. At 1.0 M concentrations, small amounts of HN3 were
detected at refluxing conditions, but far less than other procedures. Sharpless’ tetrazole synthesis
has become the most used method of tetrazole preparation due to the decrease in HN3 formation
and low cost of the starting materials.

Pizzo et. al. discovered that trimethylsilylazide (TMSN3) readily reacts with RCN in the
presence of a catalytic amount tetrabutylammonium fluoride (TBAF) in solventless conditions
(eq 5).19 In this reaction, a fluoride ion exchanges with an azide ion forming
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tetrabutylammonium azide, which undergoes cycloaddition with the nitrile. Although the
reaction is sensitive to water, it is tolerant to the synthesis of 5-substituted tetrazoles with bulky
ring-core carbon substituents, such as tert-butyl groups.

Metal Tetrazolates
Metal tetrazolates are good candidates for energetic materials due to their high nitrogen
contents, thermal stability, and insensitivity.13 The high thermal stability and insensitivity of
metal tetrazolate complexes is attributed to the aromaticity of the tetrazolate anion (eq 6).20

The nitrogen atoms bound to the ring-core carbon atom are denoted as N(1) and N(4),
whereas the other two ring-core nitrogen atoms are labeled as N(2) and N(3) (eq 6). The
electron-withdrawing effects of N(1) and N(4) reduce the bascity of N(2) and N(3), therefore
tetrazolates typically bond through N(1) and N(4), as opposed to N(2) and N(3).4a Electronwithdrawing groups (EWGs) on the ring-core carbon atom increase the sensitivity of tetrazolebased compounds, and therefore most tetrazolates containing EWGs are primary energetic
materials.21
Recent Advances in Tetrazole and Tetrazolate Chemistry
Tetrazole and tetrazolate research has focused on developing tetrazoles with high
nitrogen contents and using non-toxic metals such as iron and copper to develop materials to
replace lead azide and nitrocarbon compounds.3-4,

8b, 22

By tuning the electronegativity of the
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substituents on the tetrazole ring-core carbon atom, the sensitivity of the compounds may be
tuned from being extremely sensitive to insensitive, and therefore tetrazole-based compounds
may be used as primary or secondary energetic materials. The sensitivity of a metal tetrazolate
may also be tuned by the use of non-energetic ligands, such as ammonia or water, that may
saturate the coordination sphere.1c,3,

23

The addition of neutral donors usually decreases the

sensitivity of a metal complex, making many solvated metal tetrazolate secondary energetic
materials.
5,5’-Azotetrazole (1) was first prepared in 1892 (eq 7) and has a nitrogen content of 84%,
but it decomposes above -30 °C resulting in byproducts of N2, 5-hydrizinotetrazole, and formic
acid.24 However, many organic and dianionic metal salts of 1 have been reported.5c The
guanidinium and hydrazinium salts have been used in gas generators for airbags, and the lead(II)
complex has been used as an initiator for secondary energetic materials.2b, 5b, 5c

1,2-Bis(tetrazole)hydrazine (2) was prepared by reduction of disodium 5,5’azotetrazolate
with magnesium, followed by acid workup (eq 8).25 Compound 2 decomposes above 200 °C,
displaying much higher stability than 5,5’-azotetrazole. The higher stability is attributed to the
formation of a complex hydrogen-bonding network in the solid state. Compound 2 is less
sensitive than some of the best HEDMs on the market, and has comparable energetic properties.
Metal salts of 2 have been prepared and are solvated by water molecules, which reduces their
sensitivity to shock, friction, and electrical discharge.25-26 However, metal complexes of 2
deflagrate when exposed to flame, and may serve as environmentally friendly pyrotechnics.

8

5-Azidotetrazole (3) was first prepared in 1939 by the addition of sodium azide to
cyanogen bromide at low temperature to form cyanogen azide in situ, which then cyclizes with
the addition of a second equivalent of azide, followed by acid workup (eq 9).20 Compound 3a is
extremely sensitive to shock, friction, and electrical discharge. Metal salts of 3a were not
prepared until recently, due to the high sensitivity of the compounds.20 The Rb salt was never
crystallized due to spontaneous explosions in solution. The K and Cs complexes crystallize as
their solvate-free salts and explode spontaneously when dry. The hydrazinium salt contains 87%
nitrogen, the highest nitrogen-content of any known tetrazolate salt. The high sensitivity of 5azidotetrazolate and its salts make it impractical for real-world applications. However, the
sensitivity of compound 3a has been tamed by formation of its 2-hydroxy-derivative (3b).27 Salts
of 3b have lower sensitivities than salts of 3a, while actually having improved explosive
performance.

Diazotization of 5-aminotetrazole with sodium nitrite in concentrated nitric acid,
followed by the addition of a second equivalent of sodium nitrite, forms 5-nitrotetrazole (4) in
near quantitative yields (eq 10).28 Compound 4 has a low decomposition temperature of 110-115
°C, and is extremely shock sensitive, making it a primary energetic material. Many metal salts of
4 have been prepared, most notably copper(I) nitrotetrazolate, which is currently undergoing
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testing as a replacement for lead(II) azide.22 Hiskey et. al. have prepared a series of
nitrotetrazolato ferrate complexes using a variety of energetic counter cations.4a,

8b

These

compounds may serve as green replacements to lead(II) azide due to the use of non-toxic iron in
the place of lead.

Nitration of 5-aminotetrazole yields 5-nitroiminotetrazole (5) in quantitative yields (eq
11).23a Compound 5 is extremely sensitive to shock and friction, and therefore classified as a
primary HEDM. The copper(II) complex of 5, however, is insensitive due to water saturating the
coordination sphere, which drastically reduces the energetic character.1c This complex burns
green when subjected to flame, making it a potential colorant in pyrotechnics.

Methylating 5-aminotetrazole produces a mixture of 5-amino-1-methyltetrazole and 5amino-2-methyltetrazole, which may be nitrated to produce 1-methyl-5-nitroiminotetrazole (6)
and 2-methyl-5-nitroiminotetrazole (7), respectively.29 Compounds 6 and 7 are less sensitive than
5, due to the introduction of the non-energetic methyl group, and both have explosive properties
similar to TNT.29 Many organic and inorganic salts of 6 and 7 have been prepared, and their
energetic

properties

range

from

being

insensitive

to

extremely

sensitive.23b

The

triaminoguanidinium salt (8) is insensitive to shock and friction and has greater explosive power
than TNT and RDX (eq 12). Complex 9 is extremely sensitive to shock and friction, and is
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classified as a primary HEDM (eq 13).1c Other copper(II) salts of 6 and 7 have been prepared
that contain solvated ammonia or water.3 The solvate adducts are much less sensitive than the
homoleptic complexes. Additionally, the ammonia adducts of 6 and 7 are more sensitive than the
water adducts.

Previously, Winter et. al. has prepared group 1 and 2 tetrazolate complexes that contained
18-crown-6 as a co-ligand (Chart 3).30 Complexes 10-12 were prepared by the addition of KH to
a THF mixture containing a 5-substituted tetrazole and 18-crown-6. Complexes 10-12 are the
first reported tetrazolate complexes with η2-coordination of a tetrazolate to a metal center.
Complexes 13-15 were prepared in a similar manner, using Sr(HMDS)2(THF)3 and
Ba(HMDS)2(THF)3 (HMDS = hexamethyldisilylazide).30b Complexes 13 and 14 contain a
dimethylamino substituent on the ring-core carbon atom and coordinate in an η2-N(1),N(2)
fashion to the metal center.30b The larger diisopropylamino groups in 15 blocks N(1)
coordination, resulting in an η2-N(2),N(3) coordination mode. The η2-bonding in 10-15 is
distorted due to hydrogen bonding of the tetrazolate nitrogen atoms to the C-H bonds of the 18crown-6 ligand. DFT calculations support the hypothesis that the distorted η2-coordination is
stabilized by hydrogen-bonding intractions. The coordinated 18-crown-6 and alkylamino groups
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on the ring-core tetrazolate carbon significantly reduce the nitrogen content to 18-24% of 10-15,
which reduces their energetic properties, making 10-15 poor candidates as HEDMs.

Chart 3. Coordination modes of group 1 and 2 tetrazolate complexes.
To obtain high-nitrogen content tetrazolate complexes, the bulky substituents on the ringcore carbon atoms were replaced by methyl groups, and use of 18-crown-6 was avoided,
resulting in a series of alkali 5-methyltetrazolate complexes (eq 14).31 Complex 14 crystallizes
with one equivalent of water; whereas, 17-19 crystallize as their solvent-free salts with nitrogen
contents ranging between 28 and 52%.

The cesium atom in 19 is coordinated to twelve

tetrazolates, which helps attribute to the high density of 3.097 g cm-3. Compounds 4-7 are
insensitive to shock, friction, electrical discharge, and heat, making them good candidates as
secondary energy materials.

Poly(tetrazolyl)borates
Tetrazolates (20a) may decompose to produce two equivalents of N2, or more if
substituted with a nitrogen-containing group (20b) on the ring-core carbon atom (Chart 4).
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Poly(tetrazolyl)borate complexes may be able to release four, six, and eight equivalents of N2 per
negative charge for bis- (21), tris- (22), and tetrakis(tetrazolyl)borate (23) complexes,
respectively (Chart 3). Poly(tetrazolyl) borate complexes may be suitable replacements for
tetrazolates due to their high nitrogen contents, which should increase their energetic properties.
Tris(tetrazolyl)borate ligands are of interest because they may be able to saturate metal centers
sterically and electronically to prevent non-energetic ligands, such as water, from coordinating
and reducing the energetic properties of the material.

Chart 4. Comparison of the amount of N2 released per negative charage.
Janiak first reported the synthesis of a potassium bis(tetrazolyl)borate complex (24) by
treating potassium borohydride (KBH4) with 5-H-tetrazole at 100 °C (eq 15).32 The X-ray crystal
structure of 24 revealed that the boron atom is coordinated to the most basic nitrogen atom, N(1).
Using three or four equivalents of tetrazole at higher reaction temperatures failed to produce trisor tetrakis(tetrazolyl)borate complexes, most likely due to the low decomposition temperature of
tetrazole, and the high temperatures that are required to activate the third and fourth hydrides.
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Janiak synthesized first row transition metal complexes 25-29 using slow diffusion of 24
into an aqueous metal(II) chloride solution (eq 16).33 Rather than chelating to the metal center,
which is common for dihydrobis(pyrazolyl)borate (Bp) complexes, the BH2(CHN4)2- ligand in
25-29 bridges the metal centers by μ2-N(4),N(4’) coordination. This bridging causes the
complexes to form two dimensional polymers. The metal centers adopt octahedral geometries
with two water molecules coordinated in each complex. AM1 calculations predict that the
majority of the electron density on tetrazolyl ligands resides on N(4), which rationalizes the
ligand bonding.34 The weakly basic N(2) and N(3) participate in hydrogen bonding with
coordinated water molecules, which helps stabilize the crystal lattice.

In contrast to the solid state reactions used to prepare 24, Groshens prepared 30 by
refluxing KBH4 with 5-aminotetrazole in acetonitrile for 4 days.35 As with 24-29, the B-N bond
is to N(1) of the tetrazolyl moiety. The stability of the BH2(C(NH2)N4)2-

ligand was

demonstrated by treating the complex with nitric acid (HNO3), resulting in the formation of the
boronium nitrate salt (31) (eq 17). Addition of excess HNO3 did not lead to H2 formation, but
only yielded free 5-aminotetrazole in solution. Salt metathesis of 30 with CuCl2 or ZnCl2 in
concentrated ammonia solution yielded 32 and 33 as extended polymers (eq 17). Complex 32 is
bonded through N(4) and N(3’) of the tetrazolyl rings, whereas the Zn salt is bonded through
N(4) and N(4’), similarly to the binding modes of 25-29. Complexes 30-33 are reportedly
sensitive to heat and flame. Attempts to form tris- and tetrakis(tetrazolyl)borate complexes were
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unsuccessful, even when refluxing in high-boiling solvents like N,N-dimethylformamde (DMF)
and N,N-dimethylacetamide (DMAC).

Recently, Winter et. al. has prepared a series of BH2(CRN4)2- complexes (R = Me, NMe2,
NiPr2) (eq 18).36 While 34 has a B-N bond to N(1), similarly to the BH2(CHN4)2-

and

BH2(C(NH2)N4)2- ligands, the bulkier NMe2 and NiPr2 substituents prevent B-N(1) formation,
and instead favors boron coordination to the weakly basic N(2). These were the first reported
dihydrobis(tetrazolyl)borate complexes to contain isomeric B-N formation.

The addition of 18-crown-6 to complexes 24 and 34-36 yielded the [K(18-crown-6)]+
adducts 37-40 in good yields (eq 19). The coordination of the BH2(CRN4)2- ligands change
substantially upon 18-crown-6 adduct formation. In 37 and 38, the BH2(CHN4)2- and
BH2(CMeN4)2- ligands adopt κ2-N(2),H coordination modes to the potassium center. Complexes
39 and 40 contain the bulkier BH2(C(NMe2)N4)2- and BH2(C(NiPr2)N4)2- ligands, which
coordinate to potassium centers in an κ3-N(2),N(2’),H fashion, analogously to many Bp
complexes. Although Janiak, Groshens, and Winter have attempted to synthesize and isolate
hydrotris(tetrazolyl)borate complexes, all previous attempts have been unsuccessful.32, 35-36
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Other High Nitrogen-Containing Azoles
Other than tetrazoles, there are many high nitrogen-content azoles that could be used as
HEDMs. However, many of these compounds have drawbacks. 2,3,4,5-Tetranitropyrrole (41) is
unstable at ambient temperature,37 3,5-dinitro-1,2-4-triazole (42) is extremely hydroscopic, and
its energetic properties are diminished upon water absorption,38 and 4,5-dinitro-1,2,3-triazole
(43) decomposes at the relatively low temperature of 100 °C (Chart 4).39

Chart 5. Nitro-containing azole compounds.
3,4,5-Trinitropyrazole (44) was recently prepared is good yields and is more thermally
stable than other nitro-containing azoles, with a decomposition temperature of 294 °C.40 The
high stability of 44 makes it promising as a candidate for secondary energetic materials. A series
of organic salts of 44 have recently been synthesized that have low sensitivities and detonation
pressures and velocities that are comparable to 1,3,5-triamino-2,4,6-trinitrobenzene, making
them potential HEDMs.41
Organic salts of 3-amino-3,5-dinitropyrazole (45) are also energetic, have high thermal
stabilities, and low sensitivities. Pyrazoles 44 and 45 may have use in the preparation of
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hydrotris(pyrazolyl)borate (Tp) ligands, such as the hypothetical ligands 47 and 48 (Chart 6).
Complexes of 47 and 48 should saturate many metal centers electronically and sterically, which
would lead to high nitrogen contents and potentially HEDMs.

Chart 6. Postulated energetic Tp ligands with high nitrogen contents.
Poly(pyrazolyl)aluminate Chemistry
The low decomposition temperatures of tetrazoles and high reaction temperatures
associated with synthesizing polytetrazolyl(tetrazolyl)borate complexes make this chemistry
impractical for industrial application. The possibility of substituting the boron atom with an
aluminum atom was postulated, due to the more reactive Al-H bonds of the AlH4- moiety
compared to the B-H bonds of the BH4- moiety, which should make preparation of tris- and
tetrakis(tetrazolyl)aluminate

complexes

possible

at

lower

temperatures.

However,

poly(tetrazolyl)aluminate complexes are unknown. Given the energetic properties of energetic
pyrazole-based salts, and the similarity of pyrazoles to tetrazoles, poly(pyrazolyl)aluminate
chemistry was investigated.
Few reports exist on poly(pyrazolyl)aluminate chemistry.42 Storr et.al. developed the
first pyrazolyl(aluminate) species in 1975 by the addition of sodium pyrazolate (Napz) to
trimethylaluminum (AlMe3), followed by the addition of one or three equivalents of pzH to form
[Na(pz)2AlMe2] and [Na(pz)4Al], respectively.42a However, [Na(pz)4Al] was only characterized
by elemental analysis and no analytical data was presented for [Na(pz)2AlMe2].
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More recently, Muñoz-Hernández and coworkers published the first structurally
characterized example of a bis(pyrazolyl)aluminate complex (49) by using the bulkier 3,5dimethylpyrazole (Me2pzH) (eq 20).42b Complex 49 is polymeric, with methyl groups bridging
the sodium and aluminum centers. One Me2pz moiety coordinates to the sodium center in an η1fashion, while the other Me2pz coordinates in an η5-fashion to the sodium center.

The use of 3,5-di-tert-butylpyrazole (tBu2pzH) led to the formation of a dimeric
bis(pyrazolyl)aluminate (50) (eq 21).42c In 50, the aluminum and sodium centers are bridged by
methyl groups, and two of the pyrazolyl moieties adopt an η2-coordination to the sodium center.
The addition of a third equivalent of tBu2pzH led to the formation of the first structurally
characterized tris(pyrazolyl)aluminate complex (51). Complex 51 has κ4-coordination to the
sodium center, which is unknown in poly(pyrazolyl)borate chemistry. The κ4-coordination is
probably a result of the more ionic character of the Al-N bonds compared to the more covalent
B-N bonding in poly(pyrazolyl)borate chemistry.
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HEDM Testing
All materials prepared in the laboratory are subjected to a series of analytical testing to
determine the energetic properties of a potential HEDM. The reason for energetic material
testing is to inform workers of the sensitivity of newly developed compounds so that they will
know how to handle the compounds properly, and to determine which materials may serve as
HEDMs.
HEDM testing includes shock, friction, electrical discharge, and flame testing. Shock
sensitivity is determined by striking the sample with a hammer on an aluminum anvil, known as
the hammer test. If the compound detonates, as evidence by a pop, smoke formation, or visual
decomposition, then the material is deemed “shock sensitive,” and classified as a primary
HEDM. Friction sensitivity is tested by pulling weighted sandpaper across the sample, whereas
exposing the sample to a Tesla coil determines the sensitivity of a compound to electrical
discharge. The most useful of all the energetic tests is the flame test. This involves exposing the
sample to an open flame. If the sample pops or deflagrates (flares up), then the material is
energetic. The energetic tests listed above are all qualitative in nature, however, quantitative
testing may be used to determine more specific properties of potential HEDMs.
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Since the energetic properties of any new material are unknown, all newly synthesized
materials are prepared on 50 mg scales. Once the material has gone through the energetic testing,
it is either classified as a primary or secondary HEDM. In the work presented in this thesis, all
materials are classified as secondary HEDMs, however, to maintain a safe working environment
no reaction ever exceeded the 1.00 g scale.
Thesis Problem
There is great interest in developing new HEDMs of low toxicity and that release nontoxic byproducts. Lead azide, the most common primary energetic material used to initiate many
secondary energetic materials, is toxic and releases lead-containing byproducts upon detonation.
A recent study showed that soldiers who are on the shooting range daily have lead contents in
their blood that exceed ten times the accepted levels.8a Additionally, secondary explosives such
as TNT, RDX, and HMX are also very toxic.
The objective of this thesis is to prepare high nitrogen content metal complexes to be
used as HEDMs that contain tetrazolate and poly(tetrazolyl)borate ligands. The preparation of
tris(tetrazolyl)borates is investigated in order to increase the nitrogen content of compounds
beyond that of the bis(tetrazolyl)borate ligand. Also, given the potential use of
poly(nitro)pyrazoles as energetic materials, poly(pyrazolyl)aluminate chemistry is developed and
the reactivity of these compounds is investigated to gain insights into poly(tetrazolyl)aluminate
chemistry. Finally, poly(tetrazolyl)aluminate chemistry is explored along with the byproducts
from decomposition of these compounds. The new compounds are characterized by spectral,
analytical, and X-ray crystallographic techniques. Thermogravimetric Analysis (TGA) was used
to gain insights into the stability of the tetrazolate complexes, and all complexes were subjected
to energetic materials testing using the hammer, friction, flame, and electrical discharge tests.
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CHAPTER 2
Coordination and Properties of Heavier Alkaline Earth Metal Tetrazolate Complexes
2.1 Introduction
As mentioned in Chapter 1, the energetic properties of a compound increase as the
nitrogen content increases. Previously, Winter et. al. prepared adduct-free alkali metal tetrazolate
complexes to obtain high nitrogen content complexes that could serve as secondary energetic
materials.31 Extending the group 1 tetrazolate work to the group 2 metal ions would double the
nitrogen content of the molecules, which should increase the energetic properties of the group 2
tetrazolate complexes over their group 1 counterparts. This chapter describes the synthesis,
characterization, and energetic properties of heavier group 2 metal tetrazolate complexes
containing diisopropylamino- and phenyl-substituents on the ring-core carbon atom. Metal
tetrazolate complexes are usually poorly soluble in both non-polar and polar solvents, due to the
many coordination modes that tetrazolates can adopt, which usually leads to metallopolymer
formation. The use bulky groups on the ring-core carbon help solubilize the compounds and to
prevent polymerization from occurring. Additionally, the bulky ligands may inhibit solvent
coordination to the oxophilic metal centers, leading to higher nitrogen contents. The objective of
this chapter was to synthesize adduct-free compounds to obtain better energetic properties, with
the goal of obtaining materials that could be used as propellants or secondary explosives.
Additionally, the factors involved in monomer versus polymer formation are discussed in
accordance with steric bulk.
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2.2 Results
2.2.1 Synthetic Aspects
Treatment of Sr(OH)2(H2O)8

or Ba(OH)2(H2O)8

with two equivalents of 5-

diisopropylaminotetrazole, C(NiPr2)N4H, in a 1:1 mixture of isopropanol-water led to the
formation of Sr(C(NiPr2)N4)2(H2O)6 (52, 87%) and Ba(C(NiPr2)N4)2(H2O)6 (53, 69%),
respectively (eq 22). In a similar method, Sr(PhCN4)2(H2O)4 (54, 82%) and Ba(PhCN4)2(H2O)4.5
(55, 86%) were prepared using two equivalents of 5-phenyltetrazole, C(Ph)N4H, with the
appropriate metal hydroxide (eq 22). Complexes 52-55 are soluble in water but are insolubile in
alcohols, THF, and other non-polar organic solvents. The complexes were characterized by IR,
1

H and 13C{1H} NMR spectroscopy, X-ray crystallography and C, H, N microanalyses.

The IR and NMR spectra of 52 and 53 are similar, so only the spectra of 52 will be
discussed. The tetrazolate C=N stretching frequency appears at 1541 cm-1 and aromatic
overtones for both the phenyl substituent occur at 2346 cm-1. A broad O-H stretch at 3237 cm-1
and O-H bend at 1639 cm-1 indicate the presence of coordinated water to the metal center. The
1

H NMR spectrum of 52 in CD3OD supports the presence of water by an intense peak at δ 4.88,

corresponding to four water molecules. The aromatic C-H resonances appear from δ 7.38 - 8.02,
and indicate exactly two phenyl rings per molecule. The

13

C{1H} NMR spectrum contains a

singlet at 162.4 ppm cooresponding to the tetrazolate ring-core carbon atom and four singlets
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from 127.7 to 130.7 ppm for the phenyl rings. C, H, N elemental analyses for 52 and 53 are
consistent with the proposed formulations.
The 1H NMR spectra of 54 and 55 are also similar, so only 54 will be discussed. The IR
spectrum has a strong absorption at 1541 cm-1 for the tetrazolate C=N stretch and an sharp
absorption at 2970 cm-1 for the aliphatic C-H bonds from the isopropyl groups. The presence of
water is apparent by the O-H stretching and bending modes at 3201 and 1629, respectively. The
1

H NMR spectrum contains the indicative doublet and septet at δ 1.25 and 3.97, respectively, for

the diisopropylamino substituents. A resonance at δ 4.91 corresponds to six coordinated water
molecules to the metal center. In the

13

C{1H} NMR spectrum the ring-core carbon shows up at

166.0 ppm, and the methine and methyl carbon resonances are at 48.6 and 21.2 ppm,
respectively.
2.2.2 Thermal and Energetic Properties
Complexes 52-55 were investigated by TGA under a nitrogen atmosphere at a heating
rate of 10 oC/min with a temperature range of 50-450 oC (Figure 2). All complexes undergo two
weight-loss events. The first weight-loss is associated with the loss of the coordinated water
molecules to the metal centers. All complexes begin losing their water at ~60 °C with
dehydration complete at 148, 105, 180, and 108 °C for 52, 53, 54, and 55, respectively.
Complete water loss for the barium complexes 53 and 55 occurs at much lower temperatures,
than for the strontium complexes 52 and 54. This is probably due to the higher Lewis acidity of
the strontium center, due to the smaller size to charge ratio of strontium compared to barium.
Also, while the barium complexes 53 and 55 completely lose their coordinated water within 3
°C, the strontium complexes 52 and 54 have a ~30 °C temperature difference between their
complete water loss. This large difference is probably due to bridging water molecules in 54,
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which are strongly bound between two strontium centers. Complexes 52 - 55 begin decomposing
at 274, 294, 323, and 318 °C, respectively. The higher decomposition of 54 and 55 is probably
due to the electron-withdrawing effects and stability of the phenyl rings, compared to the
electron-donating alkylamino substituent. Previously, Winter et. al. reported the decomposition
of group 1 tetrazolates could be attributed to the loss of two equivalents of N2,31 however weight
loss for 52-55 is more complicated and cannot be attributed exclusively to N2 loss.
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Figure 2. TGA traces for 52-55 from 50 to 450 oC at 10 oC/min.
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The energetic properties of 52-55 were examined. All complexes are insensitive to the
hammer, Tesla coil, and sand paper tests that were described in Chapter 1. However, all
complexes deflagrate with a red flame when burned, making them potential candidates as
energetic materials.
2.2.3 Structural Aspects
The X-ray crystal structures of 52 - 55 were determined to establish the bonding of the
tetrazolate ions to the strontium and barium metal centers. Perspective views are illustrated in
Figures 3-7, experimental crystallographic parameters are listed in Table 1, and selected bond
lengths and angles are given in Tables 2-5.
Complexes 52 and 53 are isostructural and crystallize as monomers with six coordinated
water molecules in the solid state. Although N(1) and N(4) are the most basic nitrogen atoms,
they do not participate in bonding, most likely due to the bulky nature of the diisopropylamino
substituent on the ring-core carbon atom. VSEPR theory would predict that the two tetrazolates
would be ~180° from one another, the N-M-N bond angle is 88(1) and 91(1)°, for M = Sr and
Ba, respectively, due to a complex hydrogen-bonding network between the six coordinated
waters. The M-O bond distances range from 2.5636 (11) to 2.6385(9) Å for Sr and 2.728(1) to
2.817(1) Å for Ba. The M-N distances are 2.8112(11) for Sr and 2.949(1) for Ba. The C(1)-N(1)
and C(1)-N(4) distances are 1.344(2) and 1.346(2) Å, respectively, indicating a large degree of
delocalization in bonding. Similarly, N(1)-N(2) and N(3)-N(4) are 1.358(2) and 1.360(2) Å,
which also signifies a great deal of delocalization in the ligands. The N(2)-N(3) distance of
1.303(2) more closely resembles that of a N=N bond than a N-N bond. The C(1)-N(5) bond
length is 1.370(2) Å, indicating that the lone pair on the amino group is delocalized in the
tetrazolate ring, giving some double bond character to the C-N bond. This delocalization is
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further supported by the dihedral angles of 3.91(19) and 21.6(2)°, respectively, for N(1)-C(1)N(5)-C(2) and N(4)-(C(1)-N(5)-C(5), which show a large degree of sp2 character about the
nitrogen atom of the amine.
Contrary to 52 and 53, 54 and 55 are crystallize as metallopolymers. The structure of 54
is nine-coordinate, with four bridging waters and two terminal water molecules. The M-O bond
lengths range from 2.531(3) to 2.707(2) Å for Sr and between 2.690(4) and 2.884(3) for Ba, with
the bridging waters having longer bond lengths than the terminal water molecules. The smaller
phenyl group, as compared to the diisopropylamino group, allows coordination to N(1), N(2) and
N(3), resulting in each tetrazolate bridging three strontium centers. The coordinated water
hydrogen-bonds to the tetrazolates through an extensive network, with every tetrazolate nitrogen
atom hydrogen-bonding to a coordinated water. The Sr-N distances are 2.803(4), 2.717(4),
2.778(4) and the Ba-N bond lengths are 2.849(4), 2.892(2), and 2.986(4).
Complex 55 is structurally similar to 54, however there are some notable differences. The
barium atom is nine-coordinate, but the larger barium atom accommodates 4.50 water molecules
per formula unit. N(1), N(2), and N(3) each coordinate to individual barium atoms resulting in a
two-dimensional polymer. The Ba-O bond lengths range between 2.690(4) and 2.884(3) Å and
the Ba-N bond lengths are 2.894(4), 2.892(4), and 2.986(4) Å.
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Table 1. Crystal data and data collection parameters for 52-55.

Empirical

52

53

54

55

C14H40N8O6Sr

C14H40BaN8O6

C14H18N8O4Sr

C14H18BaN8O4.50

formula
FW

532.18

581.90

449.98

507.70

Space group

C2/c

C2/c

C2/m

P21/c

a (Å)

32.124(3)

31.968(3)

36.698(3)

18.159(2)

b (Å)

7.3392(6)

7.3647(7)

7.1813(7)

7.2024(9)

c (Å)

10.9518(9)

11.279(1)

7.0017(6)

14.823(2)

β (°)

105.274(1)

104.567(3)

93.499(1)

95.780(2)

V (Å3)

2490.8(4)

2570.1(4)

1841.8(3)

1928.9(4)

Z

4

4

4

4

T (K)

296(2)

173(2)

173(2)

173(2)

λ (Å)

0.71073

0.71073

0.71073

0.71073

ρcalc (g cm-3)

1.419

1.504

1.623

1.748

μ (mm-1)

2.212

1.592

2.966

2.100

R(F) (%)

2.09

1.83

5.52

3.27

Rw(F) (%)

5.32

4.52

14.42

10.94

R(F) =∑||Fo|–|Fc||/∑|Fo|, Rw(F)2 = [∑w(Fo 2–F c 2)2/∑w(F o 2)2]1/2 for I > 2σ(I).
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Figure 3. Perspective view of 52 with thermal ellipsoids at the 50% probability level.
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Table 2. Selected bond lengths (Å) and angles (°) for 52.

Sr-O(2W)

2.6385(9)

Sr-O(1W)

2.609(1)

Sr-O(3W)

2.564 (1)

Sr-N(2)

2.811(1)

N(1)-C(1)

1.344(2)

N(1)-N(2)

1.358(2)

N(2)-N(3)

1.303(2)

N(3)-N(4)

1.360(2)

N(4)-C(1)

1.346(2)

N(5)-C(1)

1.370(2)

N(2)#1-Sr-N(2)

88.20

C(1)-N(1)-N(2)

104.7(1)

N(1)-C(1)-N(4)

111.4(1)

N(1)-C(1)-N(5)

123.5(1)

N(4)-C(1)-N(5)

125.0(1)

N(3)-N(2)-N(1)

109.5(1)

N(3)-N(2)-Sr

133.86(8)

N(1)-N(2)-Sr

114.82(7)

N(1)-C(1)-N(5)-C(2)

3.9(2)

N(4)-C(1)-N(5)-C(5)

21.6(2)
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Figure 4. Perspective view of 53 with thermal ellipsoids at the 50% probability level.
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Table 3. Selected bond lengths (Å) and angles (°) for 53.

Ba-O(2W)

2.728(1)

Ba-O(1W)

2.817(1)

Ba-O(3W)

2.772(1)

Ba-N(2)

2.949(1)

N(1)-C(1)

1.339(2)

N(1)-N(2)

1.359(2)

N(2)-N(3)

1.295(2)

N(3)-N(4)

1.361(2)

N(4)-C(1)

1.347(2)

N(5)-C(1)

1.371(2)

N(2)-Ba-N(2)#1

91.46(6)

N(3)-N(2)-Ba

133.0(1)

N(1)-N(2)-Ba

114.0(1)

N(1)-C(1)-N(5)

123.6(1)

N(4)-C(1)-N(5)

124.6(1)

C(2)-N(5)-C(1)-N(1)

4.8(2)

C(5)-N(5)-C(1)-N(4)

15.6(2)
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Figure 5. Perspective view of 54 with thermal ellipsoids at the 50% probability level.
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Table 4. Selected bond lengths (Å) and angles (°) for 54.

Sr-O(3W)

2.531(3)

N(3)#4-Sr-N(2)#2

117.3(1)

Sr-O(2W)

2.683(2)

N(3)#4-Sr-N(1)

122.4(1)

Sr-O(1W)

2.707(2)

N(2)#2-Sr-N(1)

120.3 (1)

Sr-N(3)#4

2.717(4)

C(1)-N(1)-N(2)

104.1(4)

Sr-N(2)#2

2.778(4)

C(1)-N(1)-Sr

147.0(4)

Sr-N(1)

2.803(4)

N(2)-N(1)-Sr

109.0(3)

N(1)-C(1)

1.332(7)

N(3)-N(2)-Sr#2

119.6(3)

N(1)-N(2)

1.347(6)

N(1)-N(2)-Sr#2

130.7(3)

N(2)-N(3)

1.320(6)

N(2)-N(3)-N(4)

109.6(4)

N(2)-Sr#2

2.778(4)

N(2)-N(3)-Sr#5

123.1(3)

N(3)-N(4)

1.328(7)

N(4)-N(3)-Sr#5

127.4(3)

N(3)-Sr(5)

2.717(4)

N(3)-N(4)-C(1)

104.7(5)

N(4)-C(1)

1.344(8)

N(2A)-N(3A)-N(4A)

109.8(4)

N(1A)-N(2A)

1.321(7)

N(3A)-N(4A)-C(1A)

104.8(5)

N(1A)-C(1A)

1.343(8)

N(1)-C(1)-N(4)

112.0(5)

N(2A)-N(3A)

1.313(6)

N(3A)-N(4A)

1.328(7)

N(4A)-C(1A)

1.335(8)
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Figure 6. Perspective view of 55 with thermal ellipsoids at the 50% probability level.

35
Figure 7. Perspective view of 55 with thermal ellipsoids at the 50% probability level.
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Table 5. Selected bond lengths (Å) and angles (°) for 55.

Ba-O(1)

2.723(4)

N(3A)#1-Ba-N(1A)#2

123.9(1)

BaO(2)

2.690(4)

N(3A)#1-Ba-N(2A)

112.4(1)

Ba-O(3)

2.857(3)

N(1A)-Ba-N(2A)

123.5(1)

Ba-O(4)

2.831(3)

N(2A)-N(1A)-C(5A)

104.3(4)

Ba-O(3)#1

2.884(3)

N(2A)-N(1A)-Ba#1

107.3(3)

Ba-O(4)#1

2.865(3)

C(5A)-N(1A)-Ba#1

147.1(3)

Ba-N(3A)#1

2.849(4)

N(3A)-N(2A)-N(1A)

110.3(4)

Ba-N(1A)#2

2.892(4)

N(3A)-N(2A)-Ba

114.1(3)

Ba-N(2A)

2.986(4)

N(1A)-N(2A)-Ba

133.4(3)

N(1A)-N(2A)

1.331(5)

N(2A)-N(3A)-N(4A)

109.2(4)

N(1A)-C(5A)

1.354(6)

N(2A)-N(3A)-Ba#2

127.2(3)

N(1A)-Ba#1

2.892(4)

N(4A)-N(3A)-Ba#2

123.5(3)

N(2A)-N(3A)

1.306(5)

C(5A)-N(4A)-N(3A)

105.0(4)

N(3A)-N(4A)

1.348(5)

N(4A)-C(5A)-N(1A)

111.2(4)

N(3A)-Ba#2

2.849(4)

N(4A)-C(5A)

1.327(6)
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2.3 Discussion
A series of Group 2 tetrazolate complexes were prepared by protonolysis with the
respective metal hydroxide in water/isopropyl alcohol mixtures. The use of bulky NiPr2 and Ph
substituents on the ring-core carbon atom help solubilize the complexes in solution, however
they also allow solvent molecules to coordinate to the metal center, which probably reduces the
energetic properties of the complexes.
Complexes 54 and 55 are polymeric, which is common for metal tetrazolate complexes,
due to the four available nitrogen atoms that can all donate to the metal center. Each tetrazolate
in 54 and 55 bridge three metal centers and contain two bridging and two terminal coordinated
water molecules. This high stability of the complexes is evident by TGA results that have
decomposition temperatures of 323 and 318 °C, respectively, for 54 and 55. These
decomposition temperatures are much greater than the decomposition temperature of C(Ph)N4H,
implying that tetrazolate formation stabilizes the five-membered heterocycle.
The bulky NiPr2 group on the ring-core carbon atoms of 52 and 53 prevent coordination
to N(1) and N(4), the most basic atoms of the tetrazolate moiety. Instead, the tetrazolate binds to
the Sr and Ba centers through N(2) of the tetrazolate ligand, favoring a monomeric complex,
which is rare for tetrazolate complexes. The high decomposition temperatures of 274 and 294 °C
are also evidence that the tetrazolate ion is stabilized compared to its parent tetrazole.
Dehydrating 52-55 to obtain solvate-free material resulted in white powders that were
insoluble in all solvents, including DMSO and water. Upon dehydration, the metal complexes
probably form complex metallopolymers containing many M-N bonds (M = Sr, Ba). The metal
centers of the resulting metallopolymers are probably protected, preventing solvation of the
materials.
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Complexes 52-55 are not sensitive to shock, friction, or electrical discharge, and can be
handled safely. The solvated water molecules and the NiPr2 and Ph groups probably reduce the
sensitivity of the material. Deflagration was observed in the flame test, and suggests that 52-55
may be useful in pyrotechnics, particularly the strontium complexes, 52 and 54, which burn red
in the flame test.
2.4 Conclusion
Strontium and barium metal tetrazolate complexes have been prepared and characterized
by spectral and analytical techniques and by X-ray crystallography. The high thermal stability of
52-55 of 274-323 °C was determined by TGA, and the results suggest that these complexes have
potential as secondary HEDMs or may be used as colorants in the pyrotechnics industry. Bulky
groups on the ring-core carbon do not prevent water coordination to the metal center, which
reduces their energetic properties. To block water coordination, a bi- or tridentate tetrazole-based
ligand would be required. Additionally, a multi-dentate ligand based on two, three, or four
tetrazole moieties would increase the nitrogen content of the metal complex, and therefore
should increase the energetic properties of the material.
2.5 Experimental Section
General Considerations. Complexes 52-55 are air stable and all reactions were
performed under ambient conditions unless stated otherwise.

5-Phenyl-1H-tetrazole was

purchased from Acros Organics and used without further purification. Strontium hydroxide
octahydrate and barium hydroxide octahydrate were purchased from Strem Chemicals and used
without further purification. 5-Diisopropylamino-1H-tetrazole was prepared according to
literature procedure.17 1H and

13

C{1H} NMR spectra were obtained at 400 and 100 MHz,

respectively. Infrared spectra were obtained using a KBr pellet as the medium. Elemental
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analyses were performed by Midwest Microlab, Indianapolis, IN. It was necessary to add V2O5
as a combustion enhancing agent to obtain acceptable carbon values. Melting points were
obtained on a Thermo Scientific Mel-Temp 3.0 melting point apparatus and are uncorrected.
TGA experiments were conducted on a Perkin-Elmer Pyris 1 TGA system from 50 to 400 oC for
52-55 using nitrogen as the flow gas with a heating rate of 10 oC/min.
General procedure for the preparation of 52-55. A 50-mL round bottomed flask,
equipped with a stir bar, was charged with metal hydroxide octahydrate and two equivalents of
the 5-substituted-1H-tetrazole. A 1:1 isopropyl alcohol-water solution (10 mL) was added to the
mixture, and the resulting suspension was stirred for 5 h, until the solution turned clear. The
solvent was concentrated under reduced pressure to ~5 mL and colorless crystals were obtained
by slow evaporation from the reaction mixture after two weeks.
Preparation of 52. Treatment of strontium hydroxide octahydrate (0.200 g, 0.753 mmol)
with 5-diisopropylamino-1-H-tetrazole (0.255 g, 1.51 mmol) afforded 52 as colorless crystals
(0.348 g, 87%): mp > 400 °C (decomposes at 274 °C); IR (KBr, cm-1) 3201 (s, νO-H), 2970 (s,
νC-H), 1629 (m, νO-H), 1541 (s, νC=N); 1H NMR (CD3OD, 23 oC, δ) 4.91 (s, 12H, H2O), 3.97 (sep.,
4H, CH(CH3)2, J = 6.4Hz), 1.25 (d, 24H, CH(CH3)2, J = 6.4Hz); 13C{1H} NMR (CD3OD, 23 oC,
ppm) 166.0 (s, CN4), 48.6 (s, CH(CH3)2), 21.2 (s, CH(CH3)2); Anal. Calc. for C14H40N8O6Sr: C,
31.59; H, 7.58; N, 26.33. Found: C, 31.63; H, 7.48; N, 26.44%.
Preparation of 53. Treatment of barium hydroxide octahydrate (0.200 g, 0.634 mmol)
with 5-diisopropylamino-1H-tetrazole (0.215 g, 1.27 mmol) afforded 53 as colorless crystals
(0.254 g, 69%): mp > 400 °C (decomposes at 294 °C); IR (KBr, cm-1) 3213 (s, νO-H), 2971 (s, νCH),

1635 (m, νO-H), 1541 (s, νC=N); 1H NMR (DMSO-d6, 23 oC, δ) 3.90 (sep, 4H, CH(CH3)2, J =

6.8Hz), 1.16 (d, 24H, CH(CH3)2, J = 6.4Hz);

13

C{1H} NMR (DMSO-d6, 23 oC, ppm) 164.3 (s,
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CN4), 46.4 (s, CH(CH3)2), 20.9 (s, CH(CH3)2); Anal. Calc. for C14H40BaN8O6: C, 28.89; H, 6.93;
N, 24.08. Found: C, 29.13; H, 6.83; N, 24.07%.
Preparation of 54. Treatment of strontium hydroxide octahydrate (0.200 g, 0.753 mmol)
with two equivalents of the 5-phenyl-1-H-tetrazole (0.220g, 1.51 mmol) in a 1:1 isopropyl
alcohol-water solution (10 mL) yielded colorless crystals of 54 by slow evaporation after two
weeks (0.279 g, 82%): mp > 400 °C (decomposes at 323 °C); IR (KBr, cm-1) 3437 (b, νO-H),
2346 (w, νaromatic overtones), 1639 (m, νO-H), 1447 (s, νC=N); 1H NMR (CD3OD, 23 oC, δ) 8.02 (d,
4H, ortho-CH, J = 7.2 Hz), 7.45 (t, 4H, meta-CH, J = 7.2Hz), 7.38 (t, 2H, para-CH, J = 4.0 Hz),
4.88 (s, 8H, H2O);

13

C{1H} NMR (CD3OD, 23 oC, ppm) 162.5 (s, CN4), 130.7 (s, ipso-CH),

130.0 (s, ortho-CH), 129.8 (s, meta-CH), 127.7 (s, para-CH); Anal. Calc. for C14H18N8O4Sr: C,
37.37; H, 4.03; N, 24.91. Found: C, 37.55; H, 3.99; N, 25.13%.
Preparation of 55. Treatment of barium hydroxide octahydrate (0.200 g, 0.634 mmol)
with 5-phenyl-1H-tetrazole (0.185 g, 1.27 mmol) afforded 55 as colorless crystals (0.277 g,
86%): mp > 400 °C (decomposes at 318 °C); IR (KBr, cm-1) 3424 (b, νO-H), 2217 (w, νaromatic
overtones),

1636 (s, νO-H), 1447 (s, νC=N); 1H NMR (CD3OD, 23 oC, δ) 8.02 (d, 4H, ortho-CH, J =

7.2 Hz), 7.45 (t, 4H, meta-CH, J = 7.4Hz), 7.37 (t, 2H, para-CH, J = 6.4 Hz), 4.88 (s, 8H, H2O);
13

C{1H} NMR (CD3OD, 23 oC, ppm) 162.8 (s, CN4), 131.1 (s, ipso-CH), 129.8 (s, ortho-CH),

129.7 (s, meta-CH), 127.7 (s, para-CH); Anal. Calc. for C14H18BaN8O4.50: C, 33.06; H, 3.76; N,
22.03. Found: C, 32.89; H, 3.70; N, 22.30%.
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CHAPTER 3
Synthesis and Characterization of Poly(tetrazolyl)borate Complexes
3.1 Introduction
The bonding modes of dihydrobis(5-substituted-tetrazolyl)borate, BH2(CRN4)2-, (R = H,
Me, NH2, NMe2, NiPr2) complexes are dependent on the substituent on the ring-core carbon
atom.36 BH2(CRN4)2- with small groups (R = H, Me) have B-N bonds to the most basic nitrogen
atom, N(1). The bulkier NMe2 and NiPr2 substituents prevent B-N bonding to N(1), and instead
have an isomeric B-N bond to the weakly basic N(2). The bulky BH2(CRN4)2- complexes also
prevent M-N coordination to the basic N(1) and N(4) atoms, and generally form monomeric
complexes that may bind to the metal center in a κ3-N,N,H fashion. The κ3-coordination is
analogous to the bonding mode of many Bp complexes, and the B-H•••K interaction may be
required to activate the hydride of the BH2(CRN4)2- complex in order to form a hydrotris(5substituted-tetrazolyl)borate, BH(CRN4)3-.
The synthesis of tris(pyrazolyl)borate ligands (Tp) is performed under neat conditions by
treating molten pyrazole with MBH4 at temperatures ~180 °C.43 In these reactions, excess molten
pyrazole solvates the BH4- salt, creating a solution and allowing the reactions to go to completion
after ~2 h. Tetrazoles usually decompose before melting and therefore cannot solvate the BH4salt under neat conditions. Despite this, most attempts to synthesize BH(CRN4)3- complexes have
been based on using neat conditions, similarly to the formation of Tp complexes. 32,

36

All

synthesis attempts have either led to isolation of BH2(CRN4)2- complexes, or to decomposition at
higher temperatures.
Solution reactions using refluxing acetonitrile (CH3CN) as a solvent have also been
investigated due to the ability of CH3CN to solvate tetrazoles and BH4- salts. However, the
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relatively low boiling point of CH3CN (82 °C) led to BH2(C(NH2)N4)2- formation after four days.
Longer reaction times yielded no BH(C(NH2)N4)3- complex.35, 44
All previous attempts to synthesize and isolate BH(CRN4)3- complexes have been
unsuccessful, presumably due to the weakly basic nature of the B-H bond of the BH2(CRN4)2ligands and the relatively low decomposition of CRN4H. At temperatures ranging from 170-220
°C, most tetrazoles will decompose releasing one or two equivalents of N2. 45, 45
This chapter begins by extending the poly(tetrazolyl)borate chemistry to the trihydrido(5tert-butyltetrazolyl)borate (C(tBu)N4BH3-) and BH2(C(tBu)N4)2- ligands, which contain bulky
tBu substituents on the ring-core carbon atom of the tetrazolyl. EWGs on the ring-core carbon
atom of a tetrazole increase its acidity. For example, CHN4H has a pKa of 4.8, but C(CF3)N4H
has a lower pka of 1.1.46 The reactivity of C(CF3)N4H towards the BH4- moiety is investigated in
an attempt to obtain BH(C(CF3)N4)3- complexes. It was hypothesized that the increased acidity
of of C(CF3)N4H could lead to B-H activation at low temperatures, and formation of a
BH(C(CF3)N4)3- complex, potentially avoiding thermal decomposition that is associated with
higher reaction temperatures. The preparation of alkali metal BH(C(NiPr2)N4)3- complexes is
then investigated by using polyethers to solubilize the starting materials and high temperatures to
activate the hydride of the BH2(C(NiPr2)N4)2- moiety.
3.2.1 Results
Synthetic Aspects
The reaction of KBH4 with C(tBu)N4H at 100 °C under neat conditions led to the
formation of the mono-substituted borohydride complex, [K(18-crown-6)][C(tBu)N4BH3] (56)
(eq 23). Similarly, [K(18-crown-6)][BH2(C(tBu)N4)2] (57) was prepared using two equivalents
of C(tBu)N4H with KBH4 at 130 °C. Complexes 56 and 57 have good solubility in THF and
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diethyl ether, Et2O, and both are insoluble in hexane. Complex 56 is soluble in toluene at room
temperature, whereas 57 is only soluble at temperatures > 90 °C. Complex 56 was crystallized
from a THF/hexane solution in 83% yield and 57 was crystallized by slow cooling of a hot
toluene solution in a 94% yield.

Complexes 56 and 57 were analyzed by IR, 1H, and

13

C NMR spectroscopy, elemental

analysis, and X-ray crystallography. The IR spectrum of 56 contains B-H stretching frequencies
at 2361, 2343, and 2257 cm-1. The IR spectra of 57 contains two B-H stretching frequencies at
2513 and 2482 cm-1, and the presence of a B-H bond is supported by a broad singlet at δ 3.83 in
the 1H NMR spectrum. The hydrogen atoms corresponding to the 18-crown-6 hydrogens and the
tBu groups occur at δ 3.54 and δ 1.29, respectively for 57 and δ 3.19 and δ 1.63 for 56 . The 13C
NMR spectra of 56 and 57 are identical, with the ring-core carbon atoms and 18-crown-6
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resonances at 171.7 and 69.4 ppm, respectively. The resonances associated with the tBu groups
occur at 30.7 for the quaternary carbon atom and 29.8 for the methyl carbon atoms. Complete
conversion of C(tBu)N4H to 57 was observed after five hours at 130 °C, as indicated by IR and
1

H NMR spectroscopy and negative ion electrospray ionization mass spectrometry (ESI-MS).

The mass spectrum also contained a low intensity peak matching the expected isotope
distribution for the BH(C(tBu)N4)3- ligand. However, ESI-MS suggests that longer reaction times
(up to 240 h) or higher temperatures (>150 °C) resulted in decomposition of the reactants.
The conversion of two equivalents of Na[C(CF3)N4] to the free acid, C(CF3)N4H,
followed by treatment with KBH4 at 120 °C led to the isolation of a yellow oil. Addition of one
equivalent of 18-crown-6 and removal of the volatile components yielded a white solid (eq 24).
The material was soluble in THF, Et2O, and toluene and was insoluble in hexanes. Colorless
crystals of [K(18-crown-6)][BH2(C(CF3)N4)2] (58) were obtained from a THF/hexane solution in
a 63% yield at -23 °C. The 1H NMR spectrum of 58 contains a singlet at δ 3.54 corresponding to
the 18-crown-6 ligand. There also appears to be a broad doublet at δ 2.32 that corresponds to the
BH2 moiety of the BH2(C(CF3)N4)2- ligand. The

13

C NMR spectrum contains a singlet

corresponding to the 18-crown-6 carbon atoms and two quartets at 154.3 and 120.2 for the ringcore and CF3 carbon atoms, respectively. There was no evidence of BH3(C(CF3)N4)- formation
by infrared or 1H NMR spectroscopy, or mass spectrometry. Reaction at temperatures >140 °C
led to a complex mixture of products by ESI-MS, which could be due to N2 loss, C-F activation,
or other decomposition pathways.
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Addition of three equivalents of C(NiPr2)N4H to a MBH4 solution in diglyme (M = Li,
Na) or molten 18-crown-6 (M = K), followed by heating to 160-162 °C for 18 h, yielded offwhite powders after removal of the volatile components under reduced pressure and washing the
crude materials with hexane (eq 25). The crude materials of 59-61 are soluble in THF, toluene,
and Et2O and insoluble in hexane. The complex [Li(TMEDA)][BH(C(NiPr2)N4)3] (59) was
crystallized as its TMEDA adduct from a toluene/TMEDA solution. The reaction to form
[Na(18-crown-6)][BH(C(NiPr2)N4)3] (60) was carried out with one equivalent of 18-crown-6 and
crystals

were

formed

from

a

toluene/hexane

solution.

Crystals

of

[K(18-crown-

6)(THF)][BH(C(NiPr2)N4)3] (61) suitable for analysis were grown from a THF/hexane solution.
A hexane-soluble byproduct from the reaction mixtures of 59-61 could be crystallized
from concentrated solutions at -23°C and was identified as 3,5-bis(diisopropylamino)-1,2,4triazole. This decomposition product may be formed by the decomposition of the
diisopropylamino tetrazole by two different reaction pathways, followed by cyclization of the
decomposition products. One pathway could involve N2 loss, resulting in a nitrile imine. Another
pathway could involve HN3 loss, and result in the formation of a cyanamide. The nitrile imine
may then undergo cyclization with the cyanamide to form 3,5-bis(diisopropylamino)-1,2,4triazole.
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Complexes 59-61 were analyzed by spectroscopic and analytical techniques and their
solid state structures were determined by X-ray crystallography. The infrared spectra contain
sharp B-H stretching frequencies for the BH(C(NiPr2)N4)3- ligands at 2570 cm-1 (59) and at 2502
cm-1 (60, 61) and the B-H appears as broad resonances in the 1H NMR at δ 6.14 (59) and δ 2.30
(60). The isopropyl resonances in 59-61 appear at δ 3.97-4.07 and δ 1.16-1.26 for the methine
and methyl hydrogen atoms, respectively, for 59-61. The TMEDA methyl and ethylene hydrogen
atoms in 59 appear at δ 2.35 and δ 2.20, respectively. The hydrogen atoms from the 18-crown-6
appear as sharp singlets at δ 3.56 (60) and δ 3.65 (61). In the 13C{1H} NMR the ring-core carbon
atom resonances range from 167.3-167.6 ppm for 59-61. The methine and methyl carbon atoms
of the isopropyl groups are between at 42.3-48.6 ppm and 20.5-20.8 ppm, respectively, for 5961. The TMEDA resonances in 59 are at 57.0 and 45.5 ppm methyl and ethylene carbons,
respectively. The 18-crown-6 carbon atom resonances are at 69.4 and 67.8 for compounds 60
and 61, respectively. The 11B{1H} NMR resonances range from -9.4 to -11.2 for 59-61, which is
similar to the previously reported values for BH2(C(NiPr2)N4)2- salts.35-36
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3.2.2 Structural Aspects
The structure of 56 is shown in Figure 8. Complex 56 crystallizes as a monomer with a
κ3-(η2-N,N),H coordination of the C(tBu)N4BH3 moiety to the potassium center. The η2-N,N
bonding is distorted with K-N distances of 2.819(1) and 3.464(1) Å and N-N-K and N-K-N
angles of 51(1), 108(1), and 21(1)°, respectively. The boron is bound to the isomeric N(2)
poisiton of the tetrazolyl ring with a distance of 1.577(2) Å. The K-B distance is 3.527(2) Å,
which is within the range of the van der Waals radii for a B-H•••K interaction. The N-N-B bond
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angles are 123(1) and 124(1)°, which are slightly larger than expected for trigonal planar
geometry, indicating that the boron atom is slightly out of the plane of the tetrazolyl ring. The
potassium ion also has κ6-coordination to the 18-crown-6 macrocycle with K-O bond distances
ranging from 2.805(1) to 2.927(1) Å.
The structure of 57 is shown in Figure 9. Complex 57 crystallizes as a monomer. The
BH2(C(tBu)N4)2- ligand coordinates to the potassium center in a distorted η2-N,N fashion with KN distances of 2.786(2) and 3.221(2) and N-N-K and N-K-N bond angles of 97(1), 59(1), and
24(1)°, respectively. The potassium ion is chelated to 18-crown-6 in a κ6-fashion with K-O bond
lengths ranging from 2.774(1) to 2.874(2) Å. The boron is bound to N(2) of the tetrazolyl moiety
with B-N bond lengths of 1.570(3) and 1.557(3) Å, and a N-B-N bond angle of 111(1)°, which is
just slightly distorted from the tetrahedral geometry expected for a four-coordinate boron center.
There is a close C-H•••K interaction to the potassium atom adjacent to the monomeric unit with a
K-C distance of 3.518(3) Å. This distance is just outside the sum of the van der Waals radii of
the atoms and therefore cannot be considered a true agostic interaction.
Complex 58 is polymeric in the solid state (Figure 10) with the BH2(C(CF3)N4)2- ligand
bridging two potassium centers N(3) of the tetrazolyl moiety and a fluorine atom of the CF3
group, with bond lengths of 3.069(1) and 2.995(1) Å for the K-N and K-F bonds, respectively.
18-crown-6 is chelated to the potassium center in a κ6-fashion with K-O bond distances ranging
from 2.744(1) 2.822(1) Å. The boron is bound to N(2) of the tetrazolyl moiety with B-N bond
lengths of 1.558(2) and 1.561(2) Å, and a N-B-N angle of 108(1)°, which is close to the
tetrahedral geometry expected for a four-coordinate boron center.
The crystal structures of 59, 60, and 61 are shown in Figures 11, 12, and 13, respectively.
Notably, 59-61 contain boron-nitrogen bonds to the 2-nitrogen atoms of the tetrazolyl groups, in
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contrast to the boron-nitrogen bonds to the 1-nitrogen atoms in dihydrobis(5-Htetrazolyl)borate,32-34,

36

dihydrobis(5-aminotetrazolyl)borate,35

and

dihydrobis(5-methyl-

tetrazolyl)borate ligands.36 Winter et. al. previously documented such isomerism in potassium
complexes containing dihydrobis(tetrazolyl)borate ligands with tetrazolyl carbon atom
substituents that are larger than methyl.36 Complex 59 contains a κ3-BH(C(NiPr2)N4)3 ligand
bonded to the lithium ion through the C(NiPr2)N4 3-nitrogen atoms, as well as a κ2-TMEDA
ligand. The lithium-nitrogen distances associated with the BH(C(NiPr2)N4)3 ligand are 2.157(3),
2.111(3), and 2.285(3) Å, while the related distances for the TMEDA ligand are 2.127(3) and
2.169(3) Å. For comparison, the lithium-nitrogen distances in the tetrazolates LiCHN4 and
LiC(N3)N4•H2O are about 2.05 Å.20, 47 The distorted κ3-bonding of the BH(C(NiPr2)N4)3 ligand
may arise through steric crowding between the methyl group hydrogen atoms on N17 and the
lone pair on N11 (H-N contact distance 2.619 Å) and the hydrogen atoms on C20 and C21 (H-H
contact distances 2.816, 2.824 Å). The nitrogen atom lone pairs in TMEDA are probably more
basic than those of the tetrazolyl groups, thus leading to the preferential lengthening of the LiN12 bond.
Complex 60 has two independent molecules in the unit cell, each of which has a sodium ion
bonded in a κ6-fashion to an 18-crown-6 ligand and a η2-BH(C(NiPr2)N4)3 ligand that is bonded
to the sodium ion through the 3- and 4-nitrogen atoms of one C(NiPr2)N4 group (Figure 12). The
sodium-oxygen distances in 60 for the κ6-18-crown-6 ligand range from 2.48 to 2.66 Å, which
are similar to the shorter sodium-oxygen distances in Na(C5H4Me)(18-crown-6) (2.60-2.72 Å).48
The sodium-nitrogen distances associated with the η2-BH(C(NiPr2)N4)3 ligand are 2.398(1) and
2.794(1) Å for one molecule and 2.713(2) and 2.641(2) Å in the other. For comparison, the
sodium-nitrogen distances in the tetrazolates NaCHN4, NaC(N3)N4•H2O, and NaC(CF3)N4•H2O
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range from 2.45 to 2.71 Å.20, 47, 49 Closer inspection of the two independent molecules shows that
the ligand conformations also entail weak intramolecular hydrogen bonds between several 18crown-6 C-H bonds and nitrogen atoms of one tetrazolyl group and the boron-hydrogen bond in
each ligand (B1H-C22H, 2.67, C23H-N4b3 2.76, C22H-N3b3 2.68, B2H-C1H 2.33, C56HN4R2 2.84, C2H-N5R2 2.70 Å). Winter et. al. have previously reported that numerous weak CH•••N hydrogen bonds control the coordination modes of the heterocyclic ligands in a series of
1,2,4-triazolate and tetrazolate complexes of the formula K(azolate)(18-crown-6),30c and Janiak
has documented related interactions in the solid state structures of dihydrobis(tetrazololyl)borate
complexes.50
Complex 61 contains one κ2-BH(C(NiPr2)N4)3 ligand that is bonded to through the 3-nitrogen
atom of one C(NiPr2)N4 group and the hydrogen atom attached to boron, a κ6-18-crown-6 ligand,
and a THF ligand that is bonded to the face opposite to the BH(C(NiPr2)N4)3 ligand (Figure 13).
The potassium-oxygen distances in 3 range between 2.783(2) and 2.894(2) Å for the κ6-18crown-6 ligand and is 2.753(2) Å for the THF ligand. The K-N and K-H distances are 3.071(2)
and 2.992 Å. The potassium-oxygen and potassium-nitrogen distances in 61 are similar to or
longer than the related values in K(azolate)(18-crown-6) (K-O 2.76-3.05, K-N 2.70-2.75 Å).30c
As in 60, there are several short intramolecular contacts in 61 that may help to control the ligand
coordination mode (N2-C7H 2.78, N13-C10H 2.71 Å).
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Table 6. Crystal data and data collection parameters for 56-58.
56

57

58

Empirical formula

C17H36BKN4O6

C22H44BKN8O6 C16H26BF6KN8O6

FW

442.41

566.56

590.36

Space group

P21/c

P21

P21

a (Å)

8.9013(5)

10.7862(8)

9.8914(3)

b (Å)

9.9923(6)

10.8471(7)

13.2794(3)

c (Å)

26.900(2)

13.654(1)

10.1815(3)

β (°)

92.298(3)

108.969(2)

106.749(1)

V (Å3)

2390.7(2)

1510.8(2)

1280.62(6)

Z

4

2

2

T (K)

100(2)

100(2)

100(2)

λ (Å)

0.71073

0.71073

0.71073

ρcalc (g cm-3)

1.229

1.245

1.531

μ (mm-1)

0.259

0.224

0.299

R(F) (%)

3.89

4.19

3.05

Rw(F) (%)

8.74

7.63

8.10

R(F) =∑||Fo|–|Fc||/∑|Fo|, Rw(F)2 = [∑w(Fo 2–F c 2)2/∑w(F o 2)2]1/2 for I > 2σ(I).
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Figure 8. Perspective view of 56 with thermal ellipsoids at the 50% probability level.
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Table 7. Selected bond lengths (Å) and angles (°) for 56.
K(1)-O(1)

2.805(1)

N(3)-K(1)-N(2)

21.11(3)

K(1)-O(5)

2.809(1)

N(3)-K(1)-B(1)

45.68(4)

K(1)-N(3)

2.819(1)

N(2)-K(1)-B(1)

26.06(3)

K(1)-O(3)

2.821(1)

N(1)-N(2)-B(1)

124.5(1)

K(1)-O(4)

2.847(1)

N(3)-N(2)-K(1)

50.59(7)

K(1)-O(2)

2.864(1)

N(1)-N(2)-K(1)

79.20(8)

K(1)-O(6)

2.927(1)

N(2)-N(3)-K(1)

108.31(9)

K(1)-N(2)

3.464(1)

N(4)-N(3)-K(1)

128.07(9)

K(1)-B(1)

3.527(2)

N(2)-B(1)-K(1)

74.74(8)

N(1)-C(13)

1.331(2)

N(1)-N(2)

1.339(2)

N(2)-N(3)

1.314(2)

N(2)-B(1)

1.577(2)

N(3)-N(4)

1.333(2)

N(4)-C(13)

1.343(2)
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Figure 9. Perspective view of 57 with thermal ellipsoids at the 50% probability level.
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Table 8. Selected bond lengths (Å) and angles (°) for 57.
K(1)-O(2)

2.774(1)

N(1)-K(1)-N(2)

24.14(5)

K(1)-O(1)

2.779(2)

N(1)-K(1)C(22)#1

159.57(6)

K(1)-O(6)

2.782(2)

N(2)-K(1)-C(22)#1

157.71(6)

K(1)-N(1)

2.786(2)

N(2)-N(1)-K(1)

96.6 (1)

K(1)-O(4)

2.826(1)

C(13)-N(1)-K(1)

155.3(1)

K(1)-O(5)

2.840(1)

N(3)-N(2)-K(1)

164.0(1)

K(1)-O(3)

2.874(2)

N(1)-N(2)-K(1)

59.2(1)

K(1)-N(2)

3.221(2)

N(2)-N(3)-B(1)

123.00(2)

K(1)-C(22)#1

3.518(3)

N(4)-N(3)-B(1)

124.4(2)

N(1)-N(2)

1.326(2)

N(6)-B(1)-N(3)

110.8(2)

N(1)-C(13)

1.350(3)

N(7)-N(6)-B(1)

123.3(2)

N(2)-N(3)

1.317(2)

N(5)-N(6)-B(1)

124.5(2)

N(3)-N(4)

1.344(2)

C(19)-C(22)-K(1)#2

135.4(2)

N(3)-B(1)

1.570(3)

N(4)-C(13)

1.332(3)

B(1)-N(6)

1.557(3)

56
Figure 10. Perspective view of 58 with thermal ellipsoids at the 50% probability level.
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Table 9. Selected bond lengths (Å) and angles (°) for 58.
K(1)-O(1)

2.744(1)

F(1)#1-K(1)-N(2)

146.23(4)

K(1)-O(3)

2.788(1)

N(6)-B(1)-N(3)

108.3(1)

K(1)-O(4)

2.788(1)

N(1)-N(2)-K(1)

138.95(9)

K(1)-O(5)

2.801(1)

N(3)-N(2)-K(1)

113.3(1)

K(1)-O(2)

2.820(1)

N(2)-N(3)-B(1)

123.2(1)

K(1)-O(6)

2.822(1)

N(4)-N(3)-B(1)

124.6(1)

K(1)-F(1)#1

2.995(1)

C(14)-F(1)-K(1)#2

140.8(1)

K(1)-N(2)

3.069(1)

B(1)-N(6)

1.558(2)

B(1)-N(3)

1.561(2)

N(1)-N(2)

1.319(2)

N(1)-C(13)

1.338(2)

N(2)-N(3)

1.323(2)

N(3)-N(4)

1.336(2)

N(4)-C(13)

1.318(2)
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Table 10. Crystal data and data collection parameters for 59-61.
59

60

C27H59BLiN17

C132H280N60Na4O24 C37H74BKN15O7

FW

639.66

3227.36

891.02

Space group

P21/n

P1

P212121

a (Å)

14.1261(8)

12.3190(8)

10.8384(8)

b (Å)

13.9442(8)

17.720(1)

14.419(1)

c (Å)

20.139(1)

21.256(1)

31.158(2)

β (°)

107.641(2)

105.089(3)

90

V (Å3)

3780.4(4)

4353.1(5)

4835.7(6)

Z

4

2

4

T (K)

100(2)

100(2)

100(2)

λ (Å)

0.71073

0.71073

0.71073

ρcalc (g cm-3)

1.124

2.462

1.224

μ (mm-1)

0.073

0.190

0.170

R(F) (%)

5.35

6.40

5.04

Rw(F) (%)

12.01

20.51

11.18

Empirical

61

formula

R(F) =∑||Fo|–|Fc||/∑|Fo|, Rw(F)2 = [∑w(Fo 2–F c 2)2/∑w(F o 2)2]1/2 for I > 2σ(I).

59
Figure 11. Perspective view of 59 with thermal ellipsoids at the 50% probability level.
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Table 11. Selected bond lengths (Å) and angles (°) for 59.
N(2)-Li(1)

2.157(3)

N(13)-N(12)-Li(1)

114.1(1)

N(3)-B(1)

1.553(2)

N(11)-N(12)-Li(1)

136.9(1)

N(7)-B(1)

1.551(3)

N(12)-N(13)-B(1)

122.7(1)

N(8)-Li(1)

2.111(3)

N(14)-N(13)-B(1)

124.6(1)

N(12)-Li(1)

2.285(3)

N(7)-B(1)-N(13)

106.8(1)

N(13)-B(1)

1.552(2)

N(7)-B(1)-N(3)

109.7(1)

Li(1)-N(16)

2.127(3)

N(13)-B(1)-N(3)

106.6(1)

Li(1)-N(17)

2.169(3)

N(8)-Li(1)-N(16)

103.7(2)

N(8)-Li(1)-N(2)

85.8(1)

N(16)-Li(1)-N(2)

96.5(1)

N(3)-N(2)-Li(1)

116.4(1)

N(8)-Li(1)-N(17)

105.8(2)

N(1)-N(2)-Li(1)

134.4(1)

N(16)-Li(1)-N(17)

84.1(1)

N(2)-N(3)-B(1)

123.0(1)

N(2)-Li(1)-N(17)

167.9(2)

N(4)-N(3)-B(1)

124.0 (1)

N(8)-Li(1)-N(12)

87.1(1)

N(8)-N(7)-B(1)

122.6(1)

N(16)-Li(1)-N(12)

169.2(2)

N(6)-N(7)-B(1)

124.2(1)

N(2)-Li(1)-N(12)

84.3(1)

N(7)-N(8)-Li(1)

118.2(2)

N(17)-Li(1)-N(12)

92.9(1)

N(9)-N(8)-Li(1)

132.6(2)

61
Figure 12. Perspective view of 60 with thermal ellipsoids at the 50% probability level.
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Table 12. Selected bond lengths (Å) and angles (°) for 60.
Na1-N5

2.396(1)

N5-Na1-N6

28.37(4)

Na1-O2R1

2.527(1)

N21-Na2-N28

28.65(4)

Na1-O4R1

2.552(1)

N2-N6-Na1

144.16(9)

Na1-O1R1

2.564(1)

N5-N6-Na1

58.99(7)

Na1-O3R1

2.577(1)

N6-N5-Na1

92.64(8)

Na1-O6R1

2.650(1)

Na1-O5R1

2.664(1)

Na1-N6

2.792(1)

N1-B1

1.536(2)

N2-B1

1.541(2)

B1-N1B1

1.531(2)

Na2-O2R2

2.477(2)

Na2-O6R2

2.485(1)

Na2-O4R2

2.500(1)

Na2-O5R2

2.521(1)

Na2-O1R2

2.663(1)

Na2-N28

2.713(1)

N1R1-B2

1.523(2)

N16-B2

1.549(2)

B2-N1R2

1.541(2)
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Figure 13. Perspective view of 61 with thermal ellipsoids at the 50% probability level.
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Table 13. Selected bond lengths (Å) and angles (°) for 61.
K(1)-O(7)

2.753(2)

C(20)-N(10)

1.376(3)

K(1)-O(1)

2.783(2)

N(11)-C(27)

1.333(3)

K(1)-O(6)

2.785(2)

N(11)-N(12)

1.354(3)

K(1)-O(3)

2.794(2)

N(12)-N(13)

1.318(3)

K(1)-O(2)

2.847(2)

N(12)-B(1)

1.534(4)

K(1)-O(5)

2.863(2)

N(13)-N(14)

1.323(3)

K(1)-O(4)

2.894(2)

N(14)-C(27)

1.355(3)

K(1)-N(8)

3.071(2)

C(27)-N(15)

1.381(3)

N(1)-N(2)

1.330(3)

N(2)-N(3)-B(1)

120.4(2)

N(1)-C(13)

1.356(3)

N(4)-N(3)-B(1)

126.0(2)

N(2)-N(3)

1.309(3)

N(7)-N(8)-K(1)

116.6(1)

N(3)-N(4)

1.344(3)

N(9)-N(8)-K(1)

135.2(2)

N(3)-B(1)

1.553(3)

N(13)-N(12)-B(1)

121.6(2)

N(4)-C(13)

1.337(3)

N(11)-N(12)-B(1)

125.9(2)

C(13)-N(5)

1.366(3)

N(12)-B(1)-N(7)

111.4(2)

N(6)-C(20)

1.324(3)

N(12)-B(1)-N(3)

110.4(2)

N(6)-N(7)

1.346(3)

N(7)-B(1)-N(3)

106.0(2)

N(7)-N(8)

1.314(3)

N(7)-B(1)

1.549(3)

N(8)-N(9)

1.336(3)
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3.3 Discussion
The reactivity of C(tBu)N4H with KBH4 was investigated to obtain [K(18-crown6)][BH2(C(tBu)N4)2-] (57) and compare its bonding to that of the complexes of BH2(CRN4)2- (R
= NMe2, NiPr2). However, at 100 °C only one B-H bond is activated, forming 56 due to the
thermal stability of the C(tBu)N4BH3- moiety. In comparison to 56, trihydro(pyrazolyl)borate
complexes were unknown until recently, due to the low energy barrier to overcome to form Bp
complexes.51 However, trihydro(pyrazolyl)borate complexes have been prepared that contain
electron-withdrawing groups on the pyrazolyl rings, which help stabilize the B-H bonds.
Likewise, the stronger electron-withdrawing character of the tetrazolyl moiety, compared to the
pyrazolyl moiety, probably increases the thermal stability of the B-H bonds, which allows
isolation of 56.
The coordination of the C(tBu)N4BH3- to the potassium center in 56 is similar to the
previously reported [K(18-crown-6)][C(tBu)N4] complex,30c however the bonding is also heavily
influenced by the basic BH3 moiety. Complex 56 is κ2-coordinated to the potassium center
through N(2) and N(3) of a tetrazolyl and κ2-coordination through the hydride of the BH3 moiety.
The η2-N(2),N(3) coordination is distorted, similar to previously reported tetrazolate 10-15,30
with K-N distances of 2.819 (1) and 3.464 (1) Å. Although the coordination of N(3) to the metal
center was expected, the bonding is probably heavily influenced by the coordination of the
borohydride to the potassium center.
By increasing the reaction temperature to 130 °C and using two equivilants of
C(tBu)N4H, 57 was isolated in good yields. Complex 57 binds to the metal center in a distorted
η2-fashion between N(1) and N(2) to the potassium center with bond lengths of 3.2208(19) and
2.7861(18) Å, respectively. Bulky substituents on the ring-core carbon atom usually prevent
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coordination to N(1), so the the η2-N(1),N(2) coordination was unexpected. The smaller tBu
substituent, compared to the bulkier NiPr2 group in 40 (Chapter 1, eq 19), allows coordination of
N(1) to the potassium center.
EWGs on the ring-core carbon atom increase the acidity of tetrazoles. C(CF3)N4H was
used in an attempt to activate the BH4- moiety at lower temperatures, due to the higher acidity of
C(CF3)N4H, and therefore avoid the high temperatures associated with CRN4H decomposition.
The reaction of KBH4 with three equivalents of C(CF3)N4H at 120 °C led to the formation of the
58. In the solid state, the closest contact of the ligand to the potassium center is a K-F bond with
a distance of 2.9953(12) Å. The tetrazolyl moieties in 58 contain an isomeric B-N bond to N(2)
of the tetrazolyl moiety, as observed with the use of bulky alkylamino substituents.11 However,
only one tetrazolyl coordinates to the potassium center with a K-N distance of 3.0685(14) Å. The
CF3 substituent probably reduces the basicity of the tetrazolyl, which inhibits the κ3-N,N,H
coordination seen in other BH2(CRN4)2- complexes.
Although C(CF3)N4H is more acidic than CHN4H, the reaction temperature required to
prepare 58 (120°C) is comparable to that of other BH2(CRN4)2-complexes (100-130 °C). The
attempted preparation of a BH(C(CF3)N4)3- complex was unsuccessful, due to decomposition of
C(CF3)N4H at temperatures > 130 °C.
To date, all attempts to prepare BH(CRN4)3- complexes have used either neat conditions,
as with poly(pyrazolyl)borate chemistry, or by using CH3CN as the reaction solvent. However,
unlike pyrazole, 5-substituted-tetrazoles typically decompose before melting, and therefore
poly(tetrazoly)borate synthesis relies on slow solid state reactions. The high polarity of CH3CN
was required to solvate the starting materials to produce 30, however the low boiling point of
CH3CN (82 °C) leads to long reaction times, and no BH(CRN4)3- formation. Therefore, to
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prepare BH(CRN4)3- complexes, a high-boiling reaction solvent is required to activate the B-H
bond of the BH2(CRN4)2- moiety. Given the decomposition temperature of CRN4H between 170
and 220 °C, polyethers were selected as reaction solvents due to their large range of boiling
points and their selectivity for alkali metal ions.
A variety of polyethers were investigated including diglyme, triglyme, tetraglyme, 12crown-4, 15-crown-5, and 18-crown-6 as reaction solvents with MBH4 (M = Li, Na, K). For
LiBH4, diglyme had the best properties, due to its ability to solvate lithium ions, its stability
towards BH4-, and the boiling point of 162-163°C. The [Li(diglyme)][BH(C(NiPr2)N4)3]
complex was synthesized in refluxing diglyme, however crystals of this material decomposed
rapidly out of solution due to solvent loss. Crystals of 59 were obtained from a TMEDA/toluene
solution. In the solid state, the BH(C(NiPr2)N4)3 binds to the lithium ion in a κ3-fashion,
analogously to Tp systems (Figure 11). Additionally, the nitrogen content of 59 is 37%, which is
the highest of all BH(C(NiPr2)N4)3- complexes. The energetic properties of 59 show that
BH(CRN4)3- salts are energetic, and the properties of these compounds can be adjusted by tuning
the nitrogen content of the parent CRN4H.
The high solubility of NaBH4 in diglyme allowed conversion of C(NiPr2)N4H to 60 over
18 h in the presence of 18-crown-6. The 18-crown-6 moiety in 60 is puckered due to the smaller
size of the sodium ion compared to the potassium ion. In the solid state, the unit cell of 60
contains two independent molecules. The BH(C(NiPr2)N4)3- moiety binds to the sodium center in
a distorted η2-N(1),N(2) fashion and is stabilized by many intramolecular contacts of the
BH(C(NiPr2)N4)3- to the 18-crown-6 moiety.
The poor solubility of KBH4 in diglyme led to extended reaction times, resulting in
decomposition of the materials. The low melting point of 18-crown-6 (37 °C), and its selectivity
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for the potassium ion, allow molten 18-crown-6 to solvate KBH4 along with the other reactants.
By monitoring the reactions by ESI-MS with a variety of CRN4H (R = H, Me, CF3, Ph, tBu,
NMe2, and NiPr2), CRN4H (R = H, NMe2, and NiPr2) were converted to their respective
BH(CRN4)3- complexes at 160 °C. The reaction mixtures containing BH(C(NMe2)N4)3- and
BH(CHN4)3- contained a mixture of BH2(CRN4)2- and BH(CRN4)3- products, due to the poor
solubility of the intermediate BH2(CRN4)2- complexes in molten 18-crown-6. The high solubility
of BH2(C(NiPr2)N4)2- allowed for conversion to the BH(C(NiPr2)N4)3- complex without any
BH2(C(NiPr2)N4)2- present. Crystallization of BH(C(NMe2)N4)3- and BH(CHN4)3- complexes
were unsuccessful, however 61 was isolated by crystallization of its 18-crown-6 adduct. The κ2N,H coordination in 61 is due to the bulk of 18-crown-6 and the BH(C(NiPr2)N4)3- ligand, which
prevent κ3-N,N,N coordination that is seen in TpR complexes. There are also several close
intramolecular contacts between the BH(C(NiPr2)N4)3- ligand and 18-crown-6 in 61, which help
stabilize the structure in the solid state, which is similar to the intermolecular stabilization
observed

in

dihydrobis(tetrazolyl)borate

complexes.50

The

bonding

mode

of

the

BH(C(NiPr2)N4)3- moiety in 61 differs from both that of the lithium and sodium salts. From this
series of alkali metal complexes, it is clear that the BH(C(NiPr2)N4)3- ligand is capable of
adopting a variety of coordination modes, which are dependent on the metal ion, neutral donor
ligands presenst, and the intramolecular contacts that may stabilize the bonding mode of the
ligand to the metal ion in the solid state.
3.4 Conclusion
A series of poly(tetrazoyl)borate complexes has been synthesized and characterized by
analytical and spectroscopic techniques. Complex

56 is the first example of a

trihydrido(tetrazolyl)borate complex, and shows the differences between the electronic properties
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of tetrazolyl(borate) and pyrazolyl(borate) chemistry. Complex 57 has a new coordination mode
for BH2(CRN4)2- of η2-N(1),N(2), which was unexpected due to the steric bulk of the tBu
substituent. ESI-MS gave insights into the formation of a BH(C(tBu)N4)3- complex at
temperatures > 150 °C, and although BH(C(tBu)N4)3- isolation was unsuccessful, a series of
[ML][BH(C(NiPr2)N4)3] (M = Li, Na, K; L = TMEDA, 18-crown-6) complexes were isolated by
using the polyether solvents diglyme or 18-crown-6 at temperatures of 160 to 162 °C. The
binding mode of the BH(C(NiPr2)N4)3- complexes is influenced by the metal ion to which it
binds and to intramolecular interactions of the BH(C(NiPr2)N4)3- ligand with the ancillary ligands
present. Complexes 56-58, 60 and 61 are insensitive to the hammer, electrical discharge, friction,
and flame tests, probably due to the non-energetic ring-core carbon atom substituents and the 18crown-6 ligand. However, the higher nitrogen content of 59 make the complex flame sensitive,
as demonstrated by popping when exposed to a flame. The preparation of BH(CRN4)3-complexes
containing high nitrogen contents should be possible, given that the parent tetrazole is thermally
stable up to 160 °C, and the properties of these compounds could make them a new class of
HEDMs.
3.5 Experimental Section
General Considerations. All reactions were performed under air-free conditions using
standard Schlenk and glovebox techniques unless stated otherwise. Lithium borohydride, sodium
borohydride, and potassium borohydride were purchased from Strem Chemicals and used
without further purification. 18-crown-6 was purchased from Acros Organics and used as
received. 5-Diisopropylamino-1H-tetrazole was prepared according to literature procedure.17 1H,
13

C{1H}, and

11

B{1H}NMR spectra were obtained at 500, 125, and 133 MHz, respectively.

Infrared spectra were obtained using a KBr pellet as the medium. Elemental analyses were
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performed by Midwest Microlab, Indianapolis, IN. Melting points were obtained on a Thermo
Scientific Mel-Temp 3.0 melting point apparatus and are uncorrected.
Preparation of [K(18-crown-6)][BH3(C(tBu)N4)] (56): A 100-mL Schlenk flask,
equipped with a stir bar and rubber septum, was charged with potassium borohydride (0.100 g,
1.85 mmol) and 5-tert-butyl-1-H-tetrazole (0.234 g, 1.86 mmol). The mixture was heated to 100
°C for 2 h. The mixture was cooled to room temperature. THF (30 mL) and 18-crown-6 (0.490 g,
1.85 mmol) were added to the reaction mixture and stirred for 0.25 h. Hexane (50 mL) was
carefully layered on top of the THF solution yielding 56 as colorless crystals after 48 h (0.681 g,
83% ): mp (DTA) 134 °C; IR (Nujol, cm-1) 2361, 2344, 2257 (m, νB-H); 1H NMR (C6D6, 23 °C,
δ) 3.19 (s, 24H, CH2O-), 1.63 (s, 9H, CH3); 13C{1H} NMR (C6D6, 23 °C, ppm) 172.1 (s, CN4),
70.1 (s, CH2O), 30.7 (s, CH3); Anal. Calcd. for C17H36BKN4O6: C, 46.15; H, 8.22; N, 12.67;
Found: C, 46.30; H, 8.06; N, 12.31%.
Preparation of [K(18-crown-6)][BH2(C(tBu)N4)2] (57): A 100-mL Schlenk flask,
equipped with a stir bar and rubber septum, was charged with potassium borohydride 0.100 g,
1.85 mmol) and 5-tert-butyl-1-H-tetrazole (0.468 g, 3.71 mmol). The mixture was heated to 130
°C for 2 h. The mixture was cooled to room temperature. THF (30 mL) and 18-crown-6 (0.490 g,
1.85 mmol) were added to the reaction mixture, and stirred for 1 h. The volatile components
were removed under reduced pressure yielding a white residue. The residue was taken up in
refluxing toluene (10 mL) and the solution was slowly cooled to room temperature yielding
colorless crystals overnight (0.987 g, 94%): mp (DTA) 126 °C; IR (Nujol, cm-1) 2473 (m, νB-H),
2424 (m, νB-H), 1499 (s, νC=N), 1476; 1H NMR (DMSO-d6, 23 °C, δ) 3.54 (s, 24H, -CH2CH2O-),
1.29 (s, 18H, CH3); 13C{1H} NMR (DMSO-d6, 23 °C, ppm) 171.7 (s, CN4), 69.4 (s, -CH2CH2O-
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), 30.7 (s, CCH3), 29.8 (s, CCH3); Anal. Calcd. for C22H44BKN8O6: C, 46.64; H, 7.83; N, 19.78;
Found: C, 47.00; H, 7.52; N, 19.81%.
Preparation of [K(18-crown-6)][BH2(C(CF3)N4)2] (58): A 100-mL Schlenk flask,
equipped with a stir bar and rubber septum, was charged with sodium 5-trifluoromethyltetrazolate(1.000 g, 6.249 mmol) and THF (30 mL). Hydrogen chloride in dioxane (1.7 mL, 6.8
mmol) was added to the solution resulting in a white precipitate. The resulting slurry was filtered
through a 1 cm pad of Celite and the volatile components were removed under reduced pressure,
yielding a yellow oil. Potassium borohydride (0.168 g, 3.12 mmol) was added to the oil
immediately resulting in gas evolution. The mixture was heated to 100 °C for 2 h, yielding a
yellow gel. The gel was dissolved in THF (20 mL) and 18-crown-6 (0.823 g, 3.12 mmol) was
added to the solution. The solution was layered with hexanes (50 mL) and colorless crystals
formed after 5 days. (1.159 g, 63%): mp (DTA) 145°C; IR (Nujol, cm-1) 2513, 2482 (m, νB-H),
1518 (s, νC=N); 1H NMR (DMSO-d6, 23 °C, δ) 3.54 (s, 24H, CH2O-); 13C{1H} NMR (DMSO-d6,
23 °C, ppm) 154.3 (q, CCF3, J = 147 Hz) 120.2 (q, CCF3, J = 1069 Hz) 69.4 (s, -CH2CH2O-);
Anal. Calcd. for C16H26BF6KN8O6: C, 32.55; H, 4.44; N, 18.98; Found: C, 37.56; H, 5.89; N,
12.31%.
Preparation of [Li(TMEDA)][BH(C(NiPr2)N4)3] (59): A 100-mL Schlenk flask,
equipped with a stir bar and rubber septum, was charged with LiBH4 (0.043 g, 2.0 mmol),
C(NiPr2)N4H (1.000g, 5.909 mmol), and diglyme (5 mL). This mixture was stirred at room
temperature for 1 h, during which time slow gas evolution occurred and eventually ceased. At
this point, the mixture was refluxed for 18 h. Upon cooling, the volatile components were
removed under reduced pressure to afford a sticky red residue, which was extracted with three 50
mL portions of hexane, leaving behind an off-white residue. The residue was dissolved in
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TMEDA (1 mL) and was refluxed for 0.25 h. The volatile components were removed under
reduced pressure and the residue was dissolved in toluene (4 mL) and stored at -23 °C for two
weeks to yield colorless crystals to afford 59 (0.312 g, 25%) as colorless crystals: mp (DTA) 124
°C; IR (solid, cm-1): 2570 (m, νB-H), 1551 (s, νC=N); 1H NMR (C6D6, 23°C, δ) 6.13 (broad s, 1H,
B-H), 3.98 (septet, 6H, J = 6.5 Hz, CH(CH3)2), 2.35 (s, 12H, CH2N(CH3)2), 2.20 (s, 4H,
CH2N(CH3)2), 1.15 ppm (d, 36H, J = 6.5 Hz, CH(CH3)2);

13

C{1H} NMR (C6D6, 23°C, ppm)

167.51 (s, CN4), 56.99 (s, CH2N(CH3)2), 47.26 (s, CH(CH3)2), 45.45 (s, CH2N(CH3)2), 20.53
ppm (s, CH(CH3)2);

11

B{1H} NMR (C6D6, 23°C, ppm) -11.1 ppm; Anal. Calcd. for

C27H59BLiN17: C, 50.70; H, 9.30; N, 37.23; Found: C, 51.01; H, 9.17; N, 36.91.
Preparation of [Na(18-crown-6)][BH(C(NiPr2)N4)3] (60): A 100-mL Schlenk flask,
equipped with a stir bar and rubber septum, was charged with NaBH4 (0.037 g, 0.98 mmol),
C(NiPr2)N4H (0.050 g, 3.0 mmol), 18-crown-6 (0.260 g, 0.984 mmol), and diglyme (5 mL). The
mixture was stirred at room temperature for 0.25 h, and was then refluxed for 18 h. Upon
cooling, the volatile components were removed under reduced pressure to afford a sticky, red
residue, which was extracted with three 30 mL portions of hexane, leaving behind an off-white
residue. The residue was taken up into toluene (30 mL) and this solution was carefully layered
with hexane (50 mL). This system was allowed to stand for 48 h. The solvent was decanted with
a cannula and the colorless crystals of 60 (0.224 g, 28%) were isolated after vacuum drying for
0.25 h: mp (DTA) 134 °C; IR (solid, cm-1): 2502 (m, νB-H), 1565 (s, νC=N); 1H NMR (C6D6, 23°C,
δ) 5.98 (broad s, 1H, B-H), 4.08 (septet, 6H, J = 6.5 Hz, CH(CH3)2), 3.34 (s, 24H, 18-crown-6
CH2), 1.28 ppm (d, 36H, J = 6.5 Hz, CH(CH3)2);

13

C{1H} NMR (C6D6, 23°C, ppm) 167.51 (s,

CN4), 69.19 (s, 18-crown-6 CH2), 47.25 (s, CH(CH3)2), 20.80 ppm (s, CH(CH3)2);

11

B{1H}
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NMR (C6D6, 23°C, ppm) -9.4 ppm; Anal. Calcd. for C33H67BN15NaO6: C, 49.31; H, 8.40; N,
26.14; Found: C, 49.16; H 8.37; N, 25.59.
Preparation of [K(18-crown-6)(THF)][BH(C(NiPr2)N4)3]: A 100-mL Schlenk flask,
equipped with a stir bar and rubber septum, was charged with KBH4 (0.100 g, 1.85 mmol),
C(NiPr2)N4H (1.255 g, 2.960 mmol), and 18-crown-6 (1.000 g, 3.786 mmol). The reaction
mixture was heated to 40 °C, at which point the mixture melted and vigorous gas evolution
occurred. After 0.50 h at 40 °C, the gas evolution had ceased and the reaction mixture was heated
to 160 °C for 18 h. After cooling, the red residue was dissolved in toluene (8 mL) and this
solution was cooled to -23 °C for 18 h. An off-white precipitate formed during this time, which
was isolated by filtration, and washed with hexane (50 mL). The solid was dissolved in THF (12
mL) and this solution was carefully layered with hexanes (50 mL) and allowed to stand for 24 h.
The solvent was decanted with a cannula and the colorless crystals of 61 (0.505 g, 31%) were
isolated after vacuum drying for 24 h: m.p. (DTA) 153 °C; IR (solid, cm-1): 2502 (m, νB-H), 1557
(s, νC=N); 1H NMR (C6D6, 23°C, δ) 6.19 (broad s, 1H, B-H), 4.05 (septet, 6H, J = 7.0 Hz,
CH(CH3)2), 3.56 (m, 4H, OCH2CH2), 3.47 (s, 24H, 18-crown-6 CH2), 1.41 (m, 4H, OCH2CH2),
1.22 ppm (d, 16H, CH(CH3)2); 13C{1H} NMR (C6D6, 23°C, ppm) 167.24 (s, CN4), 70.15 (s, 18crown-6 CH2), 67.77 (s, OCH2CH2), 47.19 (s, CH(CH3)2), 25.76 (s, OCH2CH2), 20.76 (s,
CH(CH3)2); 11B{1H} NMR (C6D6, 23°C, ppm) -11.2 ppm; Anal. Calcd. for C33H67BKN15O6: C,
48.34; H, 8.24; N, 25.53; Found: C, 48.08; H, 8.20; N, 25.48.
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CHAPTER 4
Synthesis, Characterization, and Reactivity of Poly(pyrazolyl)aluminate Complexes
Containing Aluminum-Hydrogen Bonds
4.1 Introduction
The

decomposition

associated

with

the

high

reaction

temperatures

in

hydrotris(tetrazolyl)borate formation prompted investigation of alternative methods to prepare
κ3-tetrazolyl-based ligands. The more reactive Al-H bonds of LiAlH4, compared to the B-H
bonds of MBH4 (M = Li, Na, K) should allow poly(tetrazolyl)aluminate formation under milder
conditions than analgous poly(tetrazolyl)borate complexes, and therefore avoid thermal
decomposition. The poly(azolyl)aluminate literature contains only a few examples of
poly(pyrazolyl)aluminates and no examples of poly(tetrazolyl)aluminates.
Poly(pyrazolyl)borate ligands such as Bp and Tp are very common.52 In spite of the
widespread use of Bp and Tp ligands and C-substituted versions thereof, there has been little
development of the heavier group 13 analogues.53 An early report described the synthesis of
Na[AlMe2pz2] and Na[Alpz4], but no characterization was given for Na[AlMe2pz2]; the only data
for Na[Alpz4] was an aluminum microanalysis, and attempts to prepare transition-metal
derivatives containing these new aluminum-based ligands were unsuccessful.42a Since this initial
report, crystallographically characterized aluminum derivatives have been limited to
Na[AlMe2(Me2pz)2] (Me2pz = 3,5-dimethylpyrazolyl),42b {[Na(THF)][AlMe2(tBu2pz)2]}242c and
[Na(THF)][AlMe(tBu2pz)3].42c Na[AlMe2(Me2pz)2] contains a complex ligand coordination
mode that does not resemble the common κ3-N,N,H mode typically observed for Bp
complexes.42b The nitrogen atoms in {[Na(THF)][AlMe2(tBu2-pz)2]}2 engage in a κ3-N,N, N
coordination mode that involves a κ1 interaction between the sodium ion and one pyrazolyl group
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and a κ2 interaction with the other pyrazolyl group, and [Na(THF)][AlMe(tBu2pz)3] contains κ4
bonding between the Na ion and the N atoms that entails κ1 interactions with two pyrazolyl
groups and a κ2 interaction with the third pyrazolyl group.42c Synthetic routes to gallium
analogues are more numerous and include metal complexes containing the GaMe2(pz)2- and
GaMe(pz)3- ligands.42a, 53 Notably, the heavier analogues of Bp and Tp ligands reported to date
have only included methyl groups on the group 13 metal, apparently to avoid the high reactivity
of the Al-H or Ga-H bond. Supporting this contention, the synthesis of Na[GaH2(pz)2] was
claimed upon the treatment of GaH3(NMe3) with Napz and pzH, but it was noted that the
treatment of Na[GaH2(pz)2] with nickel or copper salts led to the evolution of H2 and no
complexes could be isolated.43a To gain insights on the properties, reactivity, and structure of
poly(tetrazolyl)aluminates, poly(pyrazolyl)aluminate chemistry was extended to complexes
containing Al-H bonds, that are analogous to poly(pyrazolyl)borate chemistry.
Additionally, the atomic layer deposition (ALD) of MB2O4 (M = Ca, Sr, Ba) films from
CaTp2, SrTp2, and Ba(TpEt2)2 [TpEt2 = hydrotris(3,5-diethylpyrazolyl)borate] and has recently
been reported.54 Given the importance of metal aluminates in the microelectronics industry, the
development of bimetallic precursors for ALD is of use to deposit metal aluminate films.
4.2 Results
4.2.1 Synthetic Aspects
The treatment of LiAlH4 solutions in THF with 2, 3, or 4 equivalents of Ph2pzH at
ambient temperature led to[Li(THF)2][AlH2(Ph2pz)2] (62, 97%), [Li(THF)][AlH(Ph2pz)3](63,
96%), and [Li(THF)4][Al(Ph2pz)4] (64, 95%) as colorless crystalline solids (eq 26).55 A similar
treatment of LiAlH4 with three equivalents of iPr2pzH aﬀorded [Li(THF)][AlH(iPr2pz)3]
(65,89%) as colorless crystals (eq 26).
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Complexes 62-65 were characterized by spectral and analytical techniques and by X-ray
crystallography. The IR spectra showed Al-H stretches for 62, 63, and 65 at 1826, 1934 and 1869
cm-1, respectively. The 1H NMR spectra of 62-65 showed resonances consistent with Ph2pz or
iPr2pz groups and THF ligands. In addition, 62, 63, and 65 exhibited broad resonances at δ 5.04,
4.66, and 5.55 for the Al-bound H atoms. Analytically pure crystals of 62 showed a 50:50
mixture of 62 and 63 in the1H and 13C{1H} NMR spectra at 23 °C in benzene-d6, and variabletemperature1H NMR spectra taken at -80 and +80 °C in toluene-d8 also showed ∼50:50 mixtures
of 62 and 63.
The reactivity of 63 toward metal(II) halides was investigated to establish the relationship
of hydrotris(pyrazolyl)aluminate ligands to analogous Tp systems. Treatment of ZnCl2 with 63 in
diethyl ether aﬀorded ZnH(AlH(Ph2Pz)3) (66, 70%) as colorless crystals upon workup (eq 29).
Complex 66 was identiﬁed from spectral and analytical data and by X-ray crystallography. The
IR spectrum of 66 showed an Al-H stretch at 1963 cm-1 and a Zn-H stretch at 1842 cm-1. The 1H
NMR spectrum of 66 contained a sharp Zn-H resonance at δ 4.72 and a very broad Al-H signal at
δ 4.40. While the solubility of 66 was too low in benzene-d6 and other unreactive solvents to
permit collection of a 13C{1H} NMR spectrum, the 1H NMR spectrum in benzene-d6 suggested
two diﬀerent types of phenyl groups.
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In contrast to the formation of 66, treatment of 63 with MgBr2 or CoCl2 in THF solutions
aﬀorded Mg2Br2(Ph2pz)2(THF)3•2 THF (67, 25%) and Co2Cl2(Ph2pz)2(THF)3•3 THF (68, 23%)
as colorless and blue crystalline solids, respectively (eq 30). Complexes 67 and 68 were
identiﬁed from spectral and analytical data and by X-ray crystallography. The IR spectra of 67
and 68 lacked Al-H stretches, suggesting that pyrazolate transfer to the metal centers occurred.
The 1H NMR of 67 contained resonances from the Ph2pz and THF ligands, but no resonances
from the Al-H or Mg-H bond were observed. The treatment of 63 with other MCl2 (M = Mn, Fe,
Ni, Cu) at ambient temperature in THF led to gas evolution over 0.5 h and the formation of
insoluble silver-black (M = Mn, Fe, Ni) or copper colored (M = Cu) powders, which are
presumably the metals.

The reactivity of 64 with metal(II) chlorides was investigated due to its lack of Al-H
bonds, which would limit the reactions to either ligand or pyrazolate transfer. Treatment of 64
with FeCl2 in THF at ambient temperature resulted in pyrazolate transfer, yielding 69 (eq 31).
The treatment of 64 with other MCl2 (M = Mn, Co, Ni, Cu) at ambient temperature in THF
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resulted in colored solutions, but attempts to obtain crystals of these complexes were
unsuccessful.

4.2.2 Structural Aspects
Complex 62 contains a κ2-N,N-AlH2(Ph2pz)3 ligand, with Li-N distances of 2.101(4) and
2.068(4) Å (Fig 14). The Al-N distances are 1.904(2) and 1.907(2) Å. The N-Al-N and N-Li-N
bond angles are 103.66(7) and 103.8(2)°, respectively, with distorted tetrahedral geometries at
both the Li and Al metal centers.
Complexes 63 (Figure 15) and 66 (Figure 18) are similar, and will be discussed together
for comparison. Complexes 63 and 66 contain κ3-N,N,N-AlH(Ph2pz)3 ligands, with Li-N
distances of 2.061(2), 2.072(2), and 2.137(3) Å and Zn-N distances of 2.042(4), 2.061(4), and
2.112(4) Å, respectively. The Al-N distances in 63 and 66 fall between 1.88 and 1.91 Å. The NAl-N and N-Li-N angles in 63 lie between 100.49(5) and 110.58(5)° [avg = 105(5)°] and
between 95.0(1) and 101.7(1)° [avg = 99(3)°] and are slightly smaller than the 109.5° value
expected for tetrahedral geometry, probably because of the tight chelate rings. The related values
of 66 [N-Al-N, 101.7(3) to 109.9(4)°, avg = 106(4)°; N-Zn-N, 90.1(1) to 97.9(1)°, avg = 94(4)°]
are similar to those of 63.
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Complex 64 is similar to 63 and 66, and contains a κ3-N,N,N-AlH(iPr2pz)3 ligand with
Li-N and Al-N bond lengths of 2.075(3), 2.065(3), and 2.073(2) Å and 1.874(1), 1.874(1), and
1.883(1) Å, respectively (Figure 16). The N-Al-N and N-Li-N bond angles lie between 104.81(5)
and 106.54(5)° [avg = 106(1)°] and between 95.3(1) and 99.7(1) [avg = 98(3)°], respectively,
indicating a similar distortion from tetrahedral geometry.
Complex 65 exists as a separate cation/anion pair with Li-O and Al-N distances of
1.887(2) and 1.8697(5) Å, respectively (Figure 17). The N-Al-N bond angles are range from
104.01(9) to 112.27(5)° [avg = 108(4)°] and are slightly distorted from the tetrahedral geometry,
probably due to the bulk of the phenyl rings.
Complex 67 exists as a dimer that is held together by bridging Ph2pz and THF ligands
(Figure 19). Each Mg ion is also bonded to one Br and one THF ligand, and the molecule
crystallizes with two THF solvates in the lattice. The Mg-N distances range from 2.098(2) to
2.108(2) Å, the Mg-Br bond lengths are 2.478(1) and 2.482(1) Å, and the Mg-O distances are
2.268(2) and 2.285(2) Å and 2.050(2) and 2.052(2) Å for the bridging and terminal THF ligands,
respectively.
Complex 68 is isostructural to 67, with Co-N distances ranging from 2.01(1) to 2.03(1) Å
and Co-Cl distances of 2.26(1) Å (Figure 20). The Co-O distances are 2.092(4) and 2.0921(4) Å
for the terminal THF ligands and 2.358(3) and 2.350(4) Å for the bridging THF ligand.
Complex 69 has a higher degree of symmetry than 67 and 68, but is structurally similar
(Fig 21). The Fe-N and Fe-Cl bond lengths are 2.077(1) and 2.311(1) Å, respectively. The
terminal Fe-O bond lengths are 2.119(1) Å and the bridging Fe-O bond lengths are 2.311(1) Å.
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Table 14. Crystal data and data collection parameters for 62-65.
62

63

64

65

Empirical formula

C38H40AlLiN4O2

C49H42AlLiN6O

C31H54AlLiN6O

C80H84AlLiN8O5

FW

618.66

764.81

560.72

1271.47

Space group

Pcba

Pcba

P21/n

I-4

a (Å)

11.7382(7)

19.9991(6)

12.4451(4)

15.5326(7)

b (Å)

20.154(1)

17.6024(5)

16.3854(5)

15.5226(7)

c (Å)

28.634(2)

22.6480(6)

17.1219(6)

13.997(1)

β (°)

90

90

99.995(2)

90

V (Å3)

6774.1(7)

7972.8(4)

3438.5(2)

2276.9(3)

Z

8

8

4

2

T (K)

100(2)

100(2)

100(2)

100(2)

λ (Å)

0.71073

0.71073

0.71073

0.71073

ρcalc (g cm-3)

1.213

1.274

1.083

1.250

μ (mm-1)

0.099

0.097

0.090

0.090

R(F) (%)

5.54

5.43

4.71

4.65

Rw(F) (%)

11.60

10.65

12.07

10.49

R(F) =∑||Fo|–|Fc||/∑|Fo|, Rw(F)2 = [∑w(Fo 2–F c 2)2/∑w(F o 2)2]1/2 for I > 2σ(I).
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Figure 14. Perspective view of 62 with thermal ellipsoids at the 50% probability level.
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Table 15. Selected bond lengths (Å) and angles (°) for 62.
Al(1)-N(3)

1.904(2)

Al(1)-N(2)

1.907 (2)

N(1)-N(2)

1.382(2)

N(2)-Li(1)

2.101(4)

N(4)-Li(1)

2.068(4)

N(3)-N(4)

1.378(2)

O(1)-Li(1)

1.927(4)

O(2)-Li(1)

1.925(4)

N(3)-Al(1)-N(1)

103.66(7)

N(2)-N(1)-Al(1)

112.4 (1)

N(1)-N(2)-Li(1)

126.1 (2)

N(4)-N(3)-Al(1)

115.3(1)

N(3)-N(4)-Li(1)

116.3(2)

N(4)-Li(1)-N(2)

103.8(2)
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Figure 15. Perspective view of 63 with thermal ellipsoids at the 50% probability level.
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Table 16. Selected bond lengths (Å) and angles (°) for 63.
Al(1)-N(1)

1.884 (1)

N(1)-Al(1)-N(5)

100.49(5)

Al(1)-N(5)

1.893(1)

N(1)-Al(1)-N(3)

110.58(5)

Al(1)-N(3)

1.899(1)

N(5)-Al(1)-N(3)

104.53(5)

N(1)-N(2)

1.375(1)

N(2)-N(1)-Al(1)

119.71(8)

N(2)-Li(1)

2.072(2)

N(1)-N(2)-Li(1)

109.9(1)

N(3)-N(4)

1.381(1)

N(4)-N(3)-Al(1)

119.80(8)

N(4)-Li(1)

2.061(2)

N(3)-N(4)-Li(1)

111.9(1)

N(5)-N(6)

1.384(1)

N(6)-N(5)-Al(1)

108.73(8)

N(6)-Li(1)

2.137(3)

N(5)-N(6)-Li(1)

121.2(1)

Li(1)-O(1)

1.967(2)

N(4)-Li(1)-N(6)

95.0(1)

N(2)-Li(1)-N(6)

101.7(1)
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Figure 16. Perspective view of 64 with thermal ellipsoids at the 50% probability level.
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Table 17. Selected bond lengths (Å) and angles (°) for 64.
Al(1)-N(1)

1.874(1)

Al(1)-N(3)

1.874(1)

Al(1)-N(5)

1.883(1)

N(1)-N(2)

1.384(2)

N(2)-N(3)

1.329(2)

N(2)-Li(1)

2.075(3)

N(3)-N(4)

1.384(2)

N(4)-Li(1)

2.065(3)

N(5)-N(6)

1.384(2)

N(6)-Li(1)

2.073(2)

Li(1)-O(1)

2.023(2)

N(1)-Al(1)-N(3)

105.85(5)

N(1)-Al(1)-N(3)

104.81(5)

N(3)-Al(1)-N(5)

106.54(5)

N(3)-N(4)-Li(1)

117.7(1)

N(6)-N(5)-Al(1)

118.92(8)

N(5)-N(6)-Li(1)

113.2(1)

N(4)-Li(1)-N(6)

95.3(1)

N(4)-Li(1)-N(2)

99.4(1)

N(6)-Li(1)-N(2)

99.7(1)
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Figure 17. Perspective view of 65 with thermal ellipsoids at the 50% probability level.
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Table 18. Selected bond lengths (Å) and angles (°) for 65.
O(1)-Li(1)

1.887(2)

Al(1)-N(1)

1.870(2)

N(1)-N(2)

1.376(2)

N(1)#4-Al(1)-N(1)

112.27(5)

N(1)#4-Al(1)-N(1)#5

104.01(9)

N(2)-N(1)-Al(1)

106.3 (1)
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Table 19. Crystal data and data collection parameters for 66-69.
66
Empirical

67

68

69

C45H35AlN6Zn C50H62Br2Mg2N4O5 C46H54Cl2Co2N4O4 C50H62Cl2Fe2N4O5

formula
FW

752.14

1007.48

915.69

981.64

Space group

C2/c

P21/n

P21/n

C2/c

a (Å)

17.320(1)

17.0633

11.164(1)

17.0998(9)

b (Å)

8.5879(4)

15.1262(9)

12.711(1)

14.9410(8)

c (Å)

24.200(1)

18.754(1)

30.885(3)

18.843(1)

β (°)

90.206(4)

100.578(3)

99.310(5)

100.973(2)

V (Å3)

3599.6(3)

4758.2(5)

4325.0(7)

4726.1(4)

Z

4

4

4

4

T (K)

100(2)

100(2)

100(2)

100(2)

λ (Å)

0.71073

0.71073

0.71073

0.71073

ρcalc (g cm-3)

1.388

1.406

1.406

1.380

μ (mm-1)

0.750

1.781

0.938

0.778

R(F) (%)

5.89

4.26

7.70

3.13

Rw(F) (%)

13.72

10.14

14.16

8.47

R(F) =∑||Fo|–|Fc||/∑|Fo|, Rw(F)2 = [∑w(Fo 2–F c 2)2/∑w(F o 2)2]1/2 for I > 2σ(I).

90
Figure 18. Perspective view of 66 with thermal ellipsoids at the 50% probability level.
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Table 20. Selected bond lengths (Å) and angles (°) for 66.
Zn(1)-N(2)

2.042(4)

N(2)-Zn(1)-N(3)#1

97.9(1)

Zn(1)-N(3)#1

2.061(4)

N(2)-Zn(1)-N(1)

90.0(1)

Zn(1)-N(1)

2.112(4)

N(3)#1-Zn(1)-N(1)

93.9(1)

Al(1)-N(2)#1

1.892(9)

N(2)#1-Zn(1)-

101.7(3)

Al(1)-N(1)#1

1.897(8)

N(1)#1
N(2)#1-Al(1)-N(3)

109.0(4)

Al(1)-N(3)

1.907(9)

N(1)#1-Al(1)-N(3)

106.6(4)

N(1)-N(1)#1

1.379(4)

N(1)#1-N(1)-Al(1)

112.7(2)

N(1)-Al(1)#1

1.897(8)

N(3)-N(2)-Al(1)#1

110.9(2)

N(2)-N(3)

1.378(3)

N(3)-N(2)-Zn

120.5(2)

N(2)-Al(1)#1

1.892(9)

N(2)-N(3)-Al(1)

114.2(2)

N(3)-Zn(1)#1

2.061(4)

N(2)-N(3)-Zn(1)#1

124.0(2)
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Figure 19. Perspective view of 67 with thermal ellipsoids at the 50% probability level.
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Table 21. Selected bond lengths (Å) and angles (°) for 67.
Br(1)-Mg(1)

2.4783(8)

Mg(1)-O(2)

2.050(2)

Mg(1)-N(1)

2.098(2)

Mg(1)-N(3)

2.108(2)

Mg(1)-O(1)

2.268(2)

Mg(1)-Mg(2)

3.351(1)

N(1)-N(2)

1.381(3)

N(1)-Mg(1)-N(3)

112.17(9)

N(2)-Mg(2)-N(4)

111.60(9)

N(2)-N(1)-Mg(1)

118.3(2)

N(1)-N(2)-Mg(2)

117.3(2)
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Figure 20. Perspective view of 68 with thermal ellipsoids at the 50% probability level.
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Table 22. Selected bond lengths (Å) and angles (°) for 68.
Co(1)-N(1)

2.010(4)

Co(1)-N(3)

2.034(5)

Co(1)-O(1)

2.092(4)

Co(1)-Cl(1)

2.259(2)

Co(1)-O(3)

2.358(3)

Co(2)-N(2)

2.008(4)

Co(2)-N(4)

2.023(4)

Co(2)-O(2)

2.091(4)

Co(2)-Cl(2)

2.258(2)

Co(2)-O(3)

2.350(4)

N(1)-N(2)

1.369(6)

N(1)-Co(1)-N(3)

108.8(2)

N(2)-N(1)-Co(1)

119.7(3)

N(4)-N(3)-Co(1)

120.6(3)

96
Figure 21. Perspective view of 69 with thermal ellipsoids at the 50% probability level.
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Table 23. Selected bond lengths (Å) and angles (°) for 69.
Fe(1)-N(1)

2.077(1)

Fe(1)-N(2)#1

2.077(1)

Fe(1)-O(2)

2.119(1)

Fe(1)-Cl(1)

2.3110(4)

Fe(1)-O(1)

2.331(1)

N(1)-N(2)

1.382 (2)

N(2)-Fe(1)#1

2.077(1)

O(1)-Fe(1)#1

2.331(1)

N(1)-Fe(1)-N(2)#1

110.94(5)

N(2)-N(1)-Fe(1)

117.62(9)

N(1)-N(2)-Fe(1)#1

118.18(9)
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4.3 Discussion
The addition of two, three, or four equivalents of 3,5-disubstituted pyrazoles to LiAlH4
yields bis-, tris-, and tetrakis(pyrazolyl)aluminates complexes in good yields. Complex 62 may
exist in equilibrium with 63 and another pyrazolyl species in solution (eq 27). A pyrazolyl 4-CH
resonance for a possible third species was observed at δ 6.86 in the 1H NMR spectrum in
benzene-d6, at 23 °C, but the other resonances for this species were of too low intensity to
provide further insight. CaBp2(THF)2 decomposes to CaTp2 and CaTp(BH4) upon thermolysis at
190 °C.56 The weaker bond energies in 62, relative to CaBp2(THF)2, apparently allow a similar
process to occur at 23 °C. Additionally, the NMR spectra of 62, 63, and 65 recorded at 23 °C in
benzene-d6 showed only one resonance for the two chemically different pyrazolyl substituents,
demonstrating that there is rapid exchange between the 3- and 5-substituentsites on the NMR
time scale (eq 28). A similar pyrazolate site exchange process was observed in
[Na(THF)][AlMe(tBu2pz)3].42c 1H NMR spectra of 63 and 65 in toluene-d8 at -80 °C showed two
types of pyrazolyl carbon group resonances, confirming that the exchange processes are slow at
these temperatures.
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Complex 66 is obtained upon treatment of 63 with ZnCl2, which demonstrates that the
AlH(Ph2pz)3- ligand can be transferred from Li to Zn by a standard salt metathesis reaction.
However, this reaction is more complex because the second chloride ion is also replaced by a
hydride to afford 66. Hence, hydride transfer from aluminum to metal with 62, 63, and 65 in salt
metathesis reactions is a potential complication that is generally absent with the Bp and Tp
ligands.52 The zinc hydrides ZnHTptBu [TptBu = hydrotris(3-tert-butylpyrazolyl)borate]57 and
ZnHTpp-Tol,Me [Tpp-Tol,Me = hydrotris[3-(4-tolyl)-5-methylpyrazolyl] borate]58 were prepared upon
the treatment of ZnH2 with TlTptBu and ZnFTpp-Tol,Me, respectively, and, like 66, have distorted
tetrahedral geometries about the Zn ion. Treatment of 63 with MgCl2 and CoCl2 afforded the
pyrazolate complexes 67 and 68. This reaction path may be driven by the formation of crystalline
67 and 68 and is consistent with previous reports of pyrazolate transfer from boron to metals
upon treatment of KBp and KTp with metal halides.59 Many metal(II) chlorides exhibited
vigorous gas evolution upon the treatment with 63 and concomitant formation of metallic
precipitates. This behavior is consistent with hydrogen transfer from aluminum to metal,
followed by H2 reductive elimination and the formation of metal powders, and is similar to
Storr’s observations upon the attempted synthesis of nickel and copper complexes containing
GaH2(pz)2- ligands.42a Pathways that lead to hydride and pyrazolate transfer with 63 presumably
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also afford the neutral species Al(Ph2pz)3 and [AlH(Ph2pz)2]n, but examples of these complexes
have not been crystallized in pure form so far. However, Al(tBu2pz)360 and Al hydride
pyrazolates61 have been reported. The treatment of 63 with other MCl2 (M = Mn, Fe, Ni, Cu) at
ambient temperature in THF led to gas evolution over 0.5 h and the formation of insoluble silverblack (M = Mn, Fe, Ni) or copper colored (M = Cu) powders, which are presumably the metals.
To avoid the hydride transfer that was observed with 63, 64 was treated with FeCl2 yielding the
iron(II) pyrazolate 69. The bulky Ph2pz groups in 64 probably aid in weakening an Al-N bond of
the pyrazolyl, favoring pyrazolate transfer to the iron center.
4.4 Conclusions
The aluminum analogues 62-65 of the well-known Bp, Tp, and Bpz4- ligands are easily
prepared upon the treatment of LiAlH4 with the appropriate stoichiometry of a pyrazole. The
coordination modes of the AlH(R2pz)4-n- ligands in 62-65 are analogous to the common bonding
motifs of the Bp and Tp ligands. However, the weak Al-N bonds makes 62-65 fluxional in
solution, allowing 63 to react with metal(II) halides through either transfer of AlH(R2pz)3-, R2pz-,
or hydride. In poly(pyrazolyl)borate chemistry, pyrazolate or hydride transfer usually only
occurs at high temperatures. The weaker Al-H and Al-N bonds, compared to B-H and B-N
bonds, allow similar reactions of poly(pyrazolyl)aluminates to occur at room temperature. 53
Complex 64 reacts with FeCl2 by pyrazolate transfer. Analogs of 62-65 containing 1,2,4-triazolyl
and tetrazolyl groups should be easily prepared by protonolysis routes between LiAlH4 and the
hydrogen-substituted heterocycles because some of the corresponding boron ligands are known
(Chapter 3). Al-based ligands containing 1,2,4-triazolyl and tetrazolyl groups would have high
nitrogen contents, should be highly endothermic, and would thus be relevant to ongoing efforts
to construct energetic metal salts for a variety of applications.4b
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4.5 Experimental
General Considerations. All reactions were performed under air-free conditions using
standard Schlenk and glovebox techniques unless stated otherwise. Lithium aluminum hydride,
was purchased from Strem Chemicals and used without further purification. 3,5Diphenylpyrazole was purchased from Acros Organics and used as received. 3,5Diisopropylpyrazole was prepared according to literature procedure.62 1H, and

13

C{1H} spectra

were obtained at 500 and 125 MHz, respectively. Infrared spectra were obtained using a Nujol as
the medium.

Elemental analyses were performed by Midwest Microlab, Indianapolis, IN.

Melting points were obtained on a Thermo Scientific Mel-Temp 3.0 melting point apparatus and
are uncorrected.
Preparation of [Li(THF)2][AlH2(Ph2pz)2] (62). A 100-mL Schlenk flask, equipped with
a stir bar and rubber septum, was charged with Ph2pz (1.000 g, 4.540 mmol) and tetrahydrofuran
(30 mL). A 4 M solution of LiAlH4 in diethyl ether (0.58 mL, 2 mmol) was injected into a
separate flask containing tetrahydrofuran (10 mL). The Ph2pzH solution was transferred
dropwise over about one minute to the LiAlH4 solution using a thin diameter cannula, which led
to immediate gas evolution. After stirring the reaction mixture for 3 h, the solution was
concentrated to 10 mL under reduced pressure and was then layered with hexane (50 mL).
Crystals formed upon standing at room temperature after 48 hours. The solvent was removed
with a cannula and vacuum drying for 0.25 h afforded 62 as colorless crystals (1.396 g, 97 %):
mp 110-114 °C (dec); IR (Nujol, cm-1) 1877, 1826 (s, νAl-H); 1H NMR (C6D6, 23 °C, δ) 8.22-6.86
(m, 20H, aromatic CH), 6.64 (s, 1H, pyrazolyl 4-CH), 5.04 (br, 1H, AlH2), 3.13 (m, 8H,
CH2CH2O), 1.01 (m, 8H, CH2CH2O); 13C{1H} NMR (C6D6, 23 °C, ppm) 155.03 (s, Cq), 155.0
(s, pyrazolyl C-C6H5), 128.86 (s, ipso-C of C6H5), 128.66 (s, ortho-CH of C6H5), 128.50 (s, para-
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CH of C6H5), 128.36 (s, meta-CH of C6H5), 03.80 (s, pyrazolyl 4-CH), 103.0 (s, 4-CH’’), 68.08
(s, CH2CH2O), 25.24 (s, CH2CH2O). Note: the 1H and

13

C{1H} NMR spectra of 1 existed as a

50:50 mixture of 1 and 2; only the resonances for 1 are reported in this section. Anal. Calcd. for
C38H40AlLiN4O2: C, 73.77; H, 6.53; N, 9.06. Found: C, 73.58; H, 6.59; N, 9.08.
Preparation of [Li(THF)][AlH(Ph2pz)3] (63). In a similar fashion to the preparation of
62, treatment of Ph2pzH (1.500 g, 6.818 mmol) with a 4 M solution of LiAlH4 in diethyl ether
(0.57 mL, 2 mmol) afforded 63 as colorless crystals (1.940 g, 96%): mp 188-196 °C (dec); IR
(Nujol, cm-1) 1934 (s, νAl-H); 1H NMR (C6D6, 23 °C, δ) 7.65 (m, 12H, ortho-CH), 7.12-7.03 (m,
18H, meta-, para-CH), 6.61 (s, 3H, pyrazolyl 4-CH), 4.66 (br, 1H, AlH), 2.91 (m, 4H,
CH2CH2O), 0.64 (m, 4H, CH2CH2O); 13C{1H} NMR (C6D6, 23 °C, ppm) 155.51 (s, pyrazolyl CC6H5), 134.47 (s, ipso-C of C6H5), 128.67 (s, ortho-CH of C6H5), 128.36 (s, meta-CH of
C6H5), 127.77 (s, para-CH of C6H5), 104.74 (s, pyrazolyl 4-CH), 67.40 (s, CH2CH2O), 24.73 (s,
CH2CH2O). Anal. Calcd. for C49H42AlLiN6O: C, 76.95; H, 5.55; N, 10.99. Found: C, 76.59; H,
5.60; N, 10.91.
Preparation of [Li(THF)4][Al(Ph2pz)4]∙(THF) (64). In a fashion similar to the
preparation of 62, treatment of Ph2pzH (0.352 g, 1.60 mmol) with a 4 M solution of LiAlH4 in
diethyl ether (0.10 mL, 0.4 mmol), followed by crystallization from a hot tetrahydrofuran slowly
cooled to room temperature over 18 h, afforded colorless crystals (0.483 g, 95%): mp 150-153
°C (dec); IR (Nujol, cm-1) 1604 (νC-N);1H NMR (C6D6, 23 °C, δ) 7.42 (m, 16H, ortho-CH), 7.006.91 (m, 24H, meta-, para-CH ), 6.48 (s, 4H, pyrazolyl 4-CH), 4.66 (br, 1H, AlH), 3.40 (m, 16H,
CH2CH2O), 1.27 (m, 16H, CH2CH2O); 13C{1H} NMR (C6D6, 23 °C, ppm) 154.85 (s, pyrazolyl
C-C6H5), 134.35 (s, ipso-C of C6H5), 128.08 (s, meta-CH of C6H5), 127.59 (s, ortho-CH of
C6H5), 127.20 (s, para-CH of C6H5), 105.59 (s, pyrazolyl 4-CH), 67.74 (s, CH2CH2O), 25.56 (s,
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CH2CH2O). Anal. Calcd. for C80H84AlLiN8O5: C, 75.57; H, 6.66; N, 8.81. Found: C, 75.52; H,
6.69; N, 8.75.
Preparation of [Li(THF)][AlH(iPr2pz)3] (65): In a fashion similar to the preparation of
62, treatment of iPr2pzH (0.770 g, 5.06 mmol) with a 4 M solution of LiAlH4 in diethyl ether
(0.42 mL, 2 mmol), followed by crystallization from a mixture of tetrahydrofuran (5 mL) and
diethyl ether (15 mL) held at -23 °C for 18 h, afforded 4 as colorless crystals (0.841 g, 89%):
mp165-169 °C (dec); IR (Nujol, cm-1) 1869 (s, νAl-H);1H NMR(C6D6, 23 °C, δ) 6.00 (s, 3H,
pyrazolyl 4-CH), 5.55 (br, 1H, AlH; only observed at < -70 °C), 3.75 (m, 4H, CH2CH2O), 3.38
(br s, 6H, CH(CH3)2), 1.41 (m, 4H, CH2CH2O), 1.28 (d, J = 6.8 Hz, 36H, CH(CH3)2); 13C{1H}
NMR (C6D6, 23 °C, ppm) 160.79 (s, pyrazolyl C-CH(CH3)2), 97.10 (s, pyrazolyl 4-CH), 68.73(s,
CH2CH2O), 27.76 (s, CH(CH3)2), 25.43 (s, CH2CH2O), 24.02 (s, CH(CH3)2). Anal. Calcd. for
C31H54AlLiN6O: C,66.40; H, 9.73; N, 14.99. Found: C, 66.60; H, 9.80; N, 15.10.
Preparation of [Zn(AlH(Ph2pz)3)(H)] (66). A 100-mL Schlenk flask, equipped with a
stir bar and rubber septum, was charged with ZnCl2 (0.055 g, 0.40 mmol) and diethyl ether (10
mL). A separate 100-mL Schlenk flask was charged with 63 (0.612 g, 0.802 mmol) and diethyl
ether (30 mL). The solution of 63 was transferred to the ZnCl2 solution with a fine cannula over
about one minute, resulting in a cloudy white mixture. The reaction mixture was filtered through
a pad of Celite and the resulting solution was allowed to stand at ambient temperature for 18 h
without stirring. Colorless crystals of 66 formed on the sides of the flask during this time, which
were isolated by solvent removal with a fine cannula and then vacuum drying for 0.25 h (0.210
g, 70%): mp 234-237 °C (dec); IR (Nujol, cm-1) 1963 (νAl-H), 1842 (νZn-H); 1H NMR(C6D6, 23
°C, δ) 7.83 (m, 6H, ortho-CH), 7.45-6.88 (broad m, 9H, meta-, para-CH), 6.42 (s, 3H, pyrazolyl
4-CH), 4.72 (s, 1H, Zn-H), 4.52 (broad s, 1H, Al-H); the solubility of 5 was too low in C6D6 to
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permit collection of the 13C{1H} NMR spectrum, and 5 reacted with halogenated and more polar
aprotic solvents. Anal. Calc. for C45H35AlN6Zn: C, 71.85; H, 4.70; N, 11.18. Found: C, 71.61; H,
4.79; N, 11.08.
Preparation of [Mg2Br2(Ph2Pz)2(THF)3]2∙2(THF) (67). A 100-mL Schlenk flask,
equipped with a stir bar and rubber septum, was charged with MgBr2 (0.074 g, 0.40 mmol) and
tetrahydrofuran (10 mL). A separate 100-mL Schlenk flask was charged with 63 (0.306 g, 0.401
mmol) and diethyl ether (30 mL). The solution of 63 was carefully layered on the MgBr2
solution with a fine cannula, and the system was allowed to equilibrate at ambient temperature
for 48 h. Colorless crystals of 67 deposited during this time, and were isolated by solvent
removal and then vacuum drying for 0.25 h (0.102 g, 25%): mp 320-326 °C (dec); IR (Nujol, cm1

) 1603 (νC-N);1H NMR(DMSO-d6, 23 °C, δ) 7.83 (m, 8H, ortho-CH), 7.25 (m, 8H, meta-CH),

7.07 (t, J = 7.2 Hz, 4H, para-CH), 6.75 (s, 2H, 4-CH), 3.58 (m, 20H, CH2CH2O), 1.75 (m, 20H,
CH2CH2O); 13C{1H} NMR (C6D6, 23 °C, ppm) 150.49 (s, pyrazolyl C-C6H5), 136.98 (s, ipso-C
of C6H5), 128.11 (s, overlapping para- and meta-CH of C6H5), 124.67 (s, ortho-CH of C6H5),
97.85 (s, pyrazolyl 4-CH), 67.13 (s, CH2CH2O), 25.25 (s, CH2CH2O); the overlapping para-CH
and ortho-CH resonances at 128.11 ppm in the

13

C{1H} NMR spectrum were confirmed by

HMQC analysis. Anal. Calcd. for C50H62Br2Mg2N4O5: C, 59.61; H, 6.20; N, 5.56. Found: C,
59.75; H, 6.23; N, 5.65.
Preparation of [CoCl(Ph2Pz)(THF)1.5]2∙(THF) (68). In a similar fashion to the
preparation of 67, treatment of CoCl2 (0.049 g, 0.40 mmol) with 2 (0.306 g, 0.401 mmol)
afforded deep blue crystals of 68 (0.042 g, 23%): mp 372-380 °C (dec); IR (Nujol, cm-1) 1603
(νC-N). Anal. Calcd. for C46H54Cl2Co2N4O4: C, 60.33; H, 5.94; N, 6.12. Found: C, 60.65; H, 6.28;
N, 6.08.
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Preparation of [FeCl(Ph2Pz)(THF)1.5]2∙2(THF) (69). A 100-mL Schlenk flask,
equipped with a stir bar and rubber septum, was charged with FeCl2 (0.074 g, 0.40 mmol) and
tetrahydrofuran (10 mL). A separate 100-mL Schlenk flask was charged with 64 (0.306 g, 0.401
mmol) and diethyl ether (30 mL). The solution of 64 was transferred to the FeCl2 solution with a
fine cannula, and the system was brought to reflux for 1 h. Colorless crystals of 69 were grown
by slow cooling of the reaction mixture, and were isolated by solvent removal and then vacuum
drying for 0.25 h (0.204 g, 52%): mp 360-366 °C (dec); IR (Nujol, cm-1) 1603 (νC-N). (Anal.
Calcd. for C50H62Cl2Fe2N4O5: C, 61.18; H, 6.37; N, 5.71. Found: C, 59.68; H, 5.59; N, 6.20.
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CHAPTER 5
Reactivity of Lithium Aluminum Hydride with 5-Substituted Tetrazoles: Attempts to
Prepare Poly(tetrazolyl)aluminate Complexes
5.1 Introduction
The low decomposition temperature of 5-substituted tetrazoles and the high reaction
temperatures required for BH(CRN4)3- preparation make thermolysis reactions impractical for
large-scale

production.

Additionally,

thermal

decomposition

may

preclude

tetrakis(tetrazolyl)borate complex formation by thermolysis methods, due to the low
decomposition temperature of 5-substituted tetrazoles. Given that pyrazoles and tetrazoles are
both

5-membered

aromatic

nitrogen-containing

heterocycles,

poly(pyrazolyl)aluminate

complexes may serve as reasonable models for poly(tetrazolyl)aluminate complexes. The
preparation of poly(pyrazolyl)aluminate complexes at ambient temperature implies that
tetrazoles should undergo the same reactions, and therefore avoid tetrazole decomposition
associated with the high reaction temperatures. This chapter investigates the possible formation
of poly(tetrazolyl)aluminate complexes and their equilibrium in solution with lithium and
aluminum tetrazolate complexes.
5.2 Results
5.2.1 Synthetic Aspects
The addition of one, two, three, or four equivalents of CRN4H (R = H, Me, tBu, Ph,
NMe2, NiPr2, or CF3) in THF to a LiAlH4 solution led to the immediate formation of white
powders and vigorous gas evolution. The white slurries were refluxed for 18 h to ensure the
completion of the reaction, and afterwards the solvent was removed under reduced pressure. The
crude powders were insoluble in all non-polar organic solvents. [Li(THF)2][(AlHn(RCN4)4-n] (n =
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1, 2, or 3) react with protic and halogenated solvents with vigorous gas evolution, indicating the
presence of reactive Al-H bonds. [Li(THF)2][Al(CHN4)4] (70) and [Li(THF)2][Al(C(Me)N4)4]
were only soluble in DMSO, whereas and [Li(THF)2][Al(C(R)N4)4] (R = tBu, Ph, NMe2, NiPr2,
or CF3) were soluble in acetonitrile, DMF, and DMAC. The 1H NMR spectrum of 70 is complex
and has resonances at δ 8.65, 8.60, 8.35, and 8.07. For comparison, [Li(THF)][CHN4] contains
only one resonance at δ 8.01 in the 1H NMR spectrum, indicating a significant difference in
solution. Complex 70 explodes violently when subjected to the flame test, however, it is
insensitive to the hammer, friction, and electrical discharge tests.

Despite multiple attempts to crystallize the tetrakis(tetrazolyl)aluminate complexes, only
the solution containing [Li(THF)2][Al(C(Ph)N4)4] crystallized from a DMF/toluene mixture.
Colorless crystals were collected and identified as {[Li(DMF)][C(Ph)N4]}n (71) by infrared
spectroscopy, 1H and

13

C{1H} NMR spectroscopy, and X-ray crystal structure analysis (eq 33).

The 1H NMR spectrum of 71 contains one set of peaks corresponding to the C(Ph)N4- moiety at δ
6.65, 7.43, and 8.02. The IR spectrum contains frequencies at 1812 cm-1 for the aromatic
overtones and a C=O stretching frequencies at 1681 and 1670 cm-1. There is no evidence of Al-H
bonds by 1H NMR or IR spectroscopy.
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5. 2.2 Structural Aspects
Structural evaluation shows that 71 is a three-dimensional polymer, with two individual
[Li(DMF)][C(Ph)N4] molecules in the unit cell. Each Li is four-coordinate, containing three
C(Ph)N4- ligands and one DMF coordinated through the oxygen atom. The Li-N distances range
from 2.052(3) to 2.113(3) Å and the Li-O bond distances are 1.896(3) and 1.949(3) Å. Each
C(Ph)N4- bridges three separate lithium centers through N(1), N(2), and N(3) of the tetrazolate
ring.
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Table 24. Crystal data and data collection parameters for 71.
71
Empirical formula

C20H24Li2N10O2

FW

450.37

Space group

P21/c

a (Å)

10.906(1)

b (Å)

24.280(3)

c (Å)

8.8234(9)

β (°)

97.323(4)

V (Å3)

2317.3(4)

Z

4

T (K)

100(2)

λ (Å)

0.71073

ρcalc (g cm-3)

1.291

μ (mm-1)

0.088

R(F) (%)

5.29

Rw(F) (%)

13.77

R(F) =∑||Fo|–|Fc||/∑|Fo|, Rw(F)2 = [∑w(Fo 2–F c 2)2/∑w(F o 2)2]1/2 for I > 2σ(I).
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Table 23. Selected bond lengths (Å) and angles (°) for 71.
N(1)-Li(1)#1

2.053(3)

N(2)-Li(1)

2.054(3)

N(3)-Li(2)

2.078(3)

N(6)-Li(1)

2.113(3)

N(7)-Li(2)

2.052(3)

N(8)-Li(2)#2

2.058(3)

O(1)-Li(1)

1.896(3)

Li(1)-N(1)#1

2.053(3)

O(2)-Li(2)

1.949(3)

Li(2)-N(8)#2

2.058(3)

N(1)#1-Li(1)-N(2)

112.8(2)

N(1)#1-Li(1)-N(6)

113.4 (2)

N(2)-Li(1)-N(6)

100.0(1)

N(7)-Li(2)-N(8)#2

109.2(2)

N(7)-Li(2)-N(3)

101.7(1)

111
Figure 22. Perspective view of 71 with thermal ellipsoids at the 50% probability level.
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5.3 Discussion
The reaction of CRN4H with LiAlH4 produces insoluble precipitates, which are probably
lithium poly(tetrazolyl)aluminate metallopolymers, due to the many coordination modes that
tetrazole-based ligands may adopt. Polar solvents, such as DMF and DMSO, are capable of
solvating the [Li(THF)2][Al(C(R)N4)4] metallopolymers. However, the high polarity of DMF and
DMSO probably creates an equilibrium between the lithium poly(tetrazolyl)aluminate and the
separate lithium and aluminum tetrazolate species in solution. Crystallization of the solution
containing [Li(THF)2][Al(C(Ph)N4)4] affords the highly crystalline 71. Despite many attempts,
isolation of [Li(THF)2][Al(C(Ph)N4)4] and Al(C(Ph)N4)3 were unsuccessful. Atwood et. al.
previously prepared Al(C(Ph)N4)3, by treating trimethyl aluminum with three equivalents of
C(Ph)N4H.63 However, attempts to crystallize Al(C(Ph)N4)3 were unsuccessful, presumably
because Al(C(Ph)N4)3 forms as a metallopolymer. The trimethyl aluminum adduct aluminum
tetrazolate complex, [AlMe2(C(Ph)N4(AlMe3))]2, was crystallized and remains the only
structurally characterized aluminum tetrazolate to date. Al-N bonds are weaker and more ionic
than B-N bonds, and therefore tetrazolate exchange is probably favorable at ambient temperature
in solution. This exchange process is similar to the processes described in Chapter 4 involving
pyrazolate transfer from poly(pyrazolyl)aluminate ligands at room temperature. Given the
similarities of pyrazoles and tetrazoles, the isolation of 71 is understandable.
5.4 Conclusion
The reaction of CRN4H with LiAlH4 produces tetrazole-based metallopolymers. Mono-,
di-, and tri-substituted compounds contain reactive Al-H bonds that readily react with protic and
halogenated solvents with gas evolution. Polar solvents, like DMF and DMSO, are capable of
dissolving the tetrakis(tetrazolyl)aluminate salts, but use of these solvents favors an equilibrium
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between the lithium tetrakis(tetrazolyl)aluminate and tetrazolate complexes. Isolation of 71 is
evidence of the equilibrium between the aluminate and tetrazolate complexes, and given the poor
solubility of tetrazole-based complexes in non-polar solvents, the crystallization of
tetrakis(tetrazolyl)aluminate complexes is unlikely. Complexes 70 and 71 are insensitive to the
hammer, friction, and electrical discharge tests. However, 70 explodes upon burning and may
have application as a secondary HEDM.
5.5 Experimental
General Considerations. All reactions were performed under air-free conditions using
standard Schlenk and glovebox techniques unless stated otherwise. Lithium aluminum hydride,
5-H-tetrazole, and 5-phenyltetrazole were purchased from Acros Organics and used without
further purification. 1H, and

13

C{1H} spectra were obtained at 500 and 125 MHz, respectively.

Infrared spectra were obtained using a Nujol as the medium. Elemental analyses were performed
by Midwest Microlab, Indianapolis, IN. Melting points were obtained on a Thermo Scientific
Mel-Temp 3.0 melting point apparatus and are uncorrected.
General Procedure for the Preparation of [Li(THF)2][Al(C(R)N4)4]. A 100-mL
Schlenk flask, equipped with a stir bar and rubber septum, was charged with C(R)N4H and
tetrahydrofuran. A 4.0 M solution of LiAlH4 in diethyl ether was injected into a separate flask
containing tetrahydrofuran. The C(R)N4H solution was transferred dropwise over about one
minute to the LiAlH4 solution using a thin diameter cannula, which led to immediate gas
evolution, and formation of a white precipitate. The reaction mixture was brought to reflux, and
after stirring or 18 h, the volatile components were removed under reduced pressure yielding a
white powder.
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Preparation of 70. Prepared from CHN4H (0.476 g, 679 mmol) and LiAlH4 (0.43 mL,
1.7 mmol). 1H NMR (DMSO-d6, 23 °C, δ) 8.65, 8.60, 8.35, and 8.07 (s, 4H, CHN4) 3.60 (sep,
8H, CH2CH2O), 1.76 (sep, 8H, CH2CH2O).
Preparation of 71. Prepared from C(Ph)N4H (1.000 g, 6.842 mmol) and LiAlH4 (0.43
mL, 1.7 mmol) in THF (50 mL). Colorless crystals of 71 were afforded from a DMF/toluene
solution after 48 h (0.226 g, 59%); IR (Nujol, cm-1) 1812 (w, νaromatic

overtones),

1681 (s, νC=O),

1670 (s, νC=O); 1H NMR (CD3OD, 23 °C, δ); 8.02 (d, 2H, ortho-CH, J = 6.8), 7.97 (s, 1H,
HCON(CH3)2), 7.43 (t, 2H, meta-CH, J = 7.4), 6.65 (t, 1H, para-CH, J = 6.4 Hz), 2.98 (s, 3H,
HCON(CH3)2), 2.85 (s, 3H, HCON(CH3)2);

13

C{1H} NMR (CD3OD, 23 °C, ppm) 165.0 (s,

CN4), 163.1 (s, ipso-C), 131.5 (s, ortho-C), 129.9 (s, meta-C), 127.9 (s, para-C), 37.1 (s,
N(CH3)2), 31.8 (s, N(CH3)2).
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CHAPTER 6
Conclusion
The development of new HEDMs is of importance for use in explosives, propellants, and
pyrotechnics. Current HEDM research is aimed at developing materials that are non-toxic and
that produce non-toxic byproducts upon explosive decomposition. Additionally, new materials
should have controllable sensitivities while maintaining high energy contents. Materials with
high nitrogen contents are of interest due to their positive heats of formation, which lead to high
energy formation upon oxidation of weak N-N bonds to highly stable N≡N bonds upon explosive
decomposition, and due to the formation of non-toxic N2 as the major decomposition product.
Tetrazole-based compounds are of interest due to their high nitrogen contents, low toxicity, and
high thermal stability. This thesis has focused on the synthesis and characterization of highnitrogen containing metal tetrazolate, poly(tetrazolyl)borate, and poly(azolyl)aluminate
complexes as HEDMs.
Heavy alkaline earth metal tetrazolate complexes of strontium and barium have been
investigated as potential HEDMs. Complexes that contain bulky ring-core carbon substituents
form monomeric tetrazolate complexes due to sterically blocking N(1) and N(4) from
coordination. Smaller ring-core carbon substituents results in polymeric structures with higher
nitrogen contents. The new complexes are stable up to 274 °C and are insensitive to shock,
friction, and electrical discharge. The complexes explode when inserted into an open flame
making them potential candidates as secondary HEDMs.
Bis-, tris-, and tetrakis(tetrazolyl)borate complexes contain two, three, or four times the
nitrogen contents of tetrazolate ligands, and therefore can release larger amounts of N 2 upon
explosive decomposition, making these materials of interest for HEDM development. The first
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trihydro(tetrazolyl)borate ligand was prepared, illustrating the high stability of the B-H bonds
poly(tetrazolyl)borate complexes compared to poly(pyrazolyl)borate complexes. The new
dihydrobis(tetrazolyl)borate complexes display new coordination modes, and include the
preparation of the first dihydrobis(tetrazolyl)borate containing an electron-withdrawing group on
the ring-core carbon atom, implying that other tetrazoles with high nitrogen content electronwithdrawing groups may be used to prepare poly(tetrazolyl)borate complexes. Alkali metal salts
of the first hydrotris(tetrazolyl)borate ligands have been prepared by monitoring the reactions by
ESI-MS. These ligands can bind to metal centers in a κ3-N,N,N fashion, similarly to Tp ligands,
making them potentially good ligands for divalent transition metal ions. In the solid state, the
bonding of the hydrotris(tetrazolyl)borate ligand is stabilized by intramolecular hydrogenbonding, which accounts for the non-chelating coordination modes in the sodium and potassium
salts. The lithium hydrotris(tetrazolyl)borate salt has a nitrogen content of 37% and pops loudly
when burned in the flame test, suggesting that these ligands are energetic.
The relatively weak Al-H bonds of the AlH4- moiety make poly(azolyl)aluminate
chemistry potentially viable for energetic pyrazole- and tetrazole-derived species by avoiding the
high

reaction

temperatures

required

for

poly(azolyl)borate

formation,

thus

thermal

decomposition may be prevented. The first poly(pyrazolyl)aluminate complexes containing
aluminum-hydrogen bonds were developed. These complexes are fluxional in solution at room
temperature, due to the ionic character of the Al-N and Al-H bonds, compared to that of the B-N
and B-H bonds in poly(pyrazolyl)borate chemistry. The hydrotris(pyrazolyl)aluminate complex
reacts with metal(II) halides by either ligand, pyrazolate, or hydride transfer. The zinc-hydride
hydrotris(pyrazolyl)aluminate complex is formed by both ligand and hydride transfer to the
metal center, whereas the formation of magnesium and cobalt pyrazolate complexes is due to
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pyrazolate

transfer

from

the

ligand

to

the

respective

metal

centers.

The

tetrakis(pyrazolyl)aluminate complex exists as a separate cation/anion pair, which is likely due to
the bulk of the Ph2pz moiety. Salt metathesis with the tetrakis(pyrazolyl)aluminate favors
pyrazolate transfer with FeCl2, and the structure of the resulting Fe complex is similar to those of
the Mg and Co pyrazolate complexes.
Poly(tetrazolyl)aluminate complexes may be good alternatives to poly(tetrazolyl)borates
due to the lower temperatures required for Al-H activation. The 1H NMR spectrum of lithium
tetrakis(5-H-tetrazolyl)aluminate is complex, but differs from that of lithium tetrazolate.
Additionally, lithium tetrakis(5-H-tetrazolyl)aluminate explodes violently when subjected to the
flame test, and may be useful as a secondary HEDM. However, structural characterization of
poly(tetrazolyl)aluminate complexes was unsuccessful due to the poor solubility of the materials
in non-polar organic solvents. Attempted crystallization only yielded a lithium tetazolate
complex, implying that poly(tetrazolyl)aluminate complexes are in an equilibrium in solution
with lithium and aluminum tetrazolate complexes.
Future directions in poly(tetrazolyl)borate chemistry could be aimed at increasing the
nitrogen content of the hydrotris(tetrazolyl)borate ligands by using 5-nitro, 5-nitroimino, or 5azido tetrazole as starting materials. Additionally, preparing cheap, non-toxic salts of metal ions
such as Fe2+, Cu2+, and Cu+ containing hydrotris(tetrazolyl)borate ligands, and investigating their
energetic properties is of interest as potential lead(II) azide replacements. Additionally, the
development of poly(azolyl)aluminate chemistry should lead to new complexes based on high
nitrogen content tetrazoles or energetic pyrazoles, such as 3,4,5-trinitropyrazole. The energetic
properties of these materials could be superior to simple tetrazolate or pyrazolate salts due to the
higher nitrogen contents of the tris- or tetrakis(azolyl)aluminate ligands.

118
REFERENCES
1.

(a) Ebespacher, M.; Klapotke, T. M.; Miro Sabate, C. New J. Chem. 2009, 33, 517-527;
(b) Ye, C.; Xiao, J.-C.; Twamley, B.; Shreeve, J. M. Chem. Commun. 2005, 2750-2752;
(c) Klapötke, T. M.; Stierstorfer, J.; Weber, B. Inorg. Chim. Acta 2009, 362, 2311-2320;
(d) Klapotke, T. M.; Sabate, C. M.; Rasp, M. Dalton Trans. 2009, 1825-1834.

2.

(a) Hiskey, M. A.; Goldman, N.; Stine, J. R. J. Energetic Mater. 1998, 16, 119-127; (b)
Chaudhri, M. M. Nature 1976, 263, 2.

3.

Geisberger, G.; Klapötke, T. M.; Stierstorfer, J. Eur. J. Inorg. Chem. 2007, 2007, 47434750.

4.

(a) Huynh, M. H. V.; Hiskey, M. A.; Meyer, T. J.; Wetzler, M. PNAS 2006, 103, 54095412; (b) Steinhauser, G.; Klapötke, T. M. Angew. Chem. Int. Ed. 2008, 47, 3330-3347.

5.

(a) Akhavan, J., The Chemistry of Explosives. 2nd ed.; 2004; (b) Hammerl, A.; Klapötke,
T. M.; Nöth, H.; Warchhold, M.; Holl, G.; Kaiser, M.; Ticmanis, U. Inorg. Chem. 2001,
40, 3570-3575; (c) Hammerl, A.; Holl, G.; Klapötke, Thomas M.; Mayer, P.; Nöth, H.;
Piotrowski, H.; Warchhold, M. Eur. J. Inorg. Chem. 2002, 2002, 834-845.

6.

(a) Dlott, D. D. Mater. Sci. Technol. 2006, 22, 463-473; (b) Xue, H.; Twamley, B.;
Shreeve, J. M. Inorg. Chem. 2005, 44, 7009-7013.

7.

(a) Bolton, O.; Matzger, A. J. Angew. Chem. Int. Ed. 2011, 50, 8960-8963; (b) Zhang,
M.-X.; Eaton, P. E.; Gilardi, R. Angew. Chem. Int. Ed. 2000, 39, 401-404; (c) Eaton, P.
E.; Zhang, M.-X.; Gilardi, R.; Gelber, N.; Iyer, S.; Surapaneni, R. Propellants Explos.
Pyrotech. 2002, 27, 1-6.

8.

(a) Giles, J. Nature 2004, 427, 580-581; (b) Huynh, M. H. V.; Coburn, M. D.; Meyer, T.
J.; Wetzler, M. PNAS 2006, 103, 10322-10327.

119
9.

Singh, R. P.; Verma, R. D.; Meshri, D. T.; Shreeve, J. M. Angew. Chem. Int. Ed. 2006,
45, 3584-3601.

10.

Talawar, M. B.; Sivabalan, R.; Mukundan, T.; Muthurajan, H.; Sikder, A. K.; Gandhe, B.
R.; Rao, A. S. J. Hazard. Mater. 2009, 161, 589-607.

11.

(a) Andres, S. F.; Atassi, M. Z. Biochemistry 1973, 12, 942-947; (b) Sogin, D. C.; Plapp,
B. V. Biochemistry 1976, 15, 1087-1093; (c) Adachi, S.; Morishima, I. Biochemistry
1992, 31, 8613-8618.

12.

(a) Zhang, S.-M.; Chang, Z.; Hu, T.-L.; Bu, X.-H. Inorg. Chem. 2010, 49, 11581-11586;
(b) Jeong, S.; Song, X.; Jeong, S.; Oh, M.; Liu, X.; Kim, D.; Moon, D.; Lah, M. S. Inorg.
Chem. 2011, 50, 12133-12140; (c) Pachfule, P.; Chen, Y.; Sahoo, S. C.; Jiang, J.;
Banerjee, R. Chem. Mater. 2011, 23, 2908-2916; (d) Stock, N.; Biswas, S. Chem. Rev.
2011, 112, 933-969; (e) Suh, M. P.; Park, H. J.; Prasad, T. K.; Lim, D.-W. Chem. Rev.
2011, 112, 782-835; (f) Liu, W.-T.; Li, J.-Y.; Ni, Z.-P.; Bao, X.; Ou, Y.-C.; Leng, J.-D.;
Liu, J.-L.; Tong, M.-L. Cryst. Growth Des. 2012, 12, 1482-1488; (g) Poloni, R.; Smit, B.;
Neaton, J. B. J. Am. Chem. Soc. 2012, 134, 6714-6719.

13.

Gao, H.; Shreeve, J. M. Chem. Rev. 2011, 111, 7377-7436.

14.

Klapötke, T. M.; Mayer, P.; Schulz, A.; Weigand, J. J. J. Am. Chem. Soc. 2005, 127,
2032-2033.

15.

v. Braun, J.; Keller, W. Ber. Dtsch. Chem. Ges. 1932, 65, 1677-1680.

16.

Garbrecht, W. L.; Herbst, R. M. J. Org. Chem. 1953, 18, 1003-1013.

17.

Koguro, K.; Oga, T.; Mitsui, S.; Orita, R. Synthesis 1998, 1998, 910-914.

18.

Demko, Z. P.; Sharpless, K. B. J. Org. Chem. 2001, 66, 7945-7950.

120
19.

Amantini, D.; Beleggia, R.; Fringuelli, F.; Pizzo, F.; Vaccaro, L. J. Org. Chem. 2004, 69,
2896-2898.

20.

lap tke, T. M.; Stierstorfer, J. r. J. Am. Chem. Soc. 2008, 131, 1122-1134.

21.

Klapötke, T. M.; Sabaté, C. M.; Welch, J. M. Eur. J. Inorg. Chem. 2009, 2009, 769-776.

22.

Fronabarger, J. W.; Williams, M. D.; Sanborn, W. B.; Bragg, J. G.; Parrish, D. A.;
Bichay, M. Propellants Explos. Pyrotech. 2011, 36, 541-550.

23.

(a) Gao, H.; Huang, Y.; Ye, C.; Twamley, B.; Shreeve, J. M. Chem. Eur. J. 2008, 14,
5596-5603; (b) lap tke, T. M.; Stierstorfer, J. r.; Wallek, A. U. Chem. Mater. 2008, 20,
4519-4530; (c) Joo, Y.-H.; Shreeve, J. M. Angew. Chem. Int. Ed. 2009, 48, 564-567; (d)
Joo, Y.-H.; Shreeve, J. M. Angew. Chem. Int. Ed. 2010, 49, 7320-7323.

24.

Thiele, J. Justus Liebigs Ann. Chem. 1892, 270, 1-63.

25.

Karaghiosoff, K.; Klapötke, T. M.; Sabaté, C. M. Eur. J. Inorg. Chem. 2009, 2009, 238250.

26.

Hammerl, A.; Holl, G.; Kaiser, M.; Klapötke, T. M.; Piotrowski, H. Z. Anorg. Allg.
Chem. 2003, 629, 2117-2121.

27.
28.

Klapötke, T. M.; Piercey, D. G.; Stierstorfer, J. Chem. Eur. J. 2011, 17, 13068-13077.
lap tke, T. M.; Mayer, .; Mir Sabat , C.; Welch, J. M.; Wiegand, N. Inorg. Chem.
2008, 47, 6014-6027.

29.

Klapötke, T. M.; Stierstorfer, J. Helv. Chim. Acta 2007, 90, 2132-2150.

30.

(a) Zheng, W.; Heeg, M. J.; Winter, C. H. Angew. Chem. Int. Ed. 2003, 42, 2761-2764;
(b) Kobrsi, I.; Knox, J. E.; Heeg, M. J.; Schlegel, H. B.; Winter, C. H. Inorg. Chem. 2005,
44, 4894-4896; (c) Kobrsi, I.; Zheng, W.; Knox, J. E.; Heeg, M. J.; Schlegel, H. B.;
Winter, C. H. Inorg. Chem. 2006, 45, 8700-8710.

121
31.

Poturovic, S.; Lu, D.; Heeg, M. J.; Winter, C. H. Polyhedron 2008, 27, 3280-3286.

32.

Janiak, C. Z. Naturforsch., B: Chem. Sci. 1993, 48, 394.

33.

(a) Janiak, C. Chem. Ber. 1995, 128, 323-328; (b) Janiak, C. Chem. Eur. J. 1995, 1, 637644.

34.

Janiak, C. J. Chem. Soc., Chem. Commun. 1994, 545-547.

35.

Groshens, T. J. J. J. Coord. Chem. 2010, 63, 1882-1892.

36.

Lu, D.; Winter, C. H. Inorg. Chem. 2010, 49, 5795-5797.

37.

Hinshaw, J. C.; Edwards, W. W.; George, C.; Gilardi, R. J. Heterocycl. Chem. 1992, 29,
1721-1724.

38.

Pevzner, M. Khim. Geterotsikl. Soedin. 1979, 550.

39.

Semenov, V. Izv. Akad. Nauk SSSR, Ser. Khim. 1990, 1827.

40.

Hervé, G.; Roussel, C.; Graindorge, H. Angew. Chem. Int. Ed. 2010, 49, 3177-3181.

41.

Zhang, Y.; Guo, Y.; Joo, Y.-H.; Parrish, D. A.; Shreeve, J. M. Chem. Eur. J. 2010, 16,
10778-10784.

42.

(a) Breakell, K. R.; Patmore, D. J.; Storr, A. J. Chem. Soc., Dalton Trans. 1975, 749754; (b) Cortes-Llamas, S.; Velázquez-Carmona, M.-Á.; Muñoz-Hernández, M.-Á.
Inorg. Chem. Commun. 2005, 8, 155-158; (c) Cortes-Llamas, S. A.; Muñoz-Hernández,
M.-Á. Organometallics 2007, 26, 6844-6851.

43.

Trofimenko, S. J. Am. Chem. Soc. 1966, 88, 1842-1844.

44.

Piekiel, N.; Zachariah, M. R. J. Phys. Chem. A. 2012, 116, 1519-1526.

45.

(a) Huisgen, R.; Seidel, M.; Sauer, J.; McFarland, J.; Wallbillich, G. J. Org. Chem. 1959,
24, 892-893; (b) Lesnikovich, A. I.; Ivashkevich, O. A.; Levchik, S. V.; Balabanovich, A.
I.; Gaponik, P. N.; Kulak, A. A. Thermochim. Acta 2002, 388, 233-251.

122
46.

John, E. O.; Willett, R. D.; Scott, B.; Kirchmeier, R. L.; Shreeve, J. M. Inorg. Chem.
1989, 28, 893-897.

47.

Klapötke, T. M.; Stein, M.; Stierstorfer, J. Z. Anorg. Allg. Chem. 2008, 634, 1711-1723.

48.

Cole, M. L.; Jones, C.; Junk, P. C. J. Chem. Soc., Dalton Trans. 2002, 896-905.

49.

Crawford, M.-J.; Klapötke, T. M.; Radies, H. J. Fluorine Chem. 2008, 129, 1199-1205.

50.

Janiak, C.; Scharmann, T. G. Polyhedron 2003, 22, 1123-1133.

51.

Dias, H. V. R.; Alidori, S.; Lobbia, G. G.; Papini, G.; Pellei, M.; Santini, C. Inorg. Chem.
2007, 46, 9708-9714.

52.

Trofimenko, S., Scorpionates: The Coordination Chemistry of Polypyrazolylborate
Ligands. Imperial College Press: London, 1999.

53.

Muñoz-Hernández, M.-Á.; Montiel-Palma, V. Inorg. Chim. Acta 2009, 362, 4328-4339.

54.

(a) Saly, M. J.; Heeg, M. J.; Winter, C. H. Inorg. Chem. 2009, 48, 5303-5312; (b) Saly,
M. J.; Munnik, F.; Baird, R. J.; Winter, C. H. Chem. Mater. 2009, 21, 3742-3744.

55.

Snyder, C. J.; Heeg, M. J.; Winter, C. H. Inorg. Chem. 2011, 50, 9210-9212.

56.

Saly, M. J.; Li, J.; Heeg, M. J.; Winter, C. H. Inorg. Chem. 2011, 50, 7385-7387.

57.

Looney, A.; Han, R.; Gorrell, I. B.; Cornebise, M.; Yoon, K.; Parkin, G.; Rheingold, A.
L. Organometallics 1995, 14, 274-288.

58.

Kläui, W.; Schilde, U.; Schmidt, M. Inorg. Chem. 1997, 36, 1598-1601.

59.

(a) Silva, M.; Domingos, A.; Pires de Matos, A.; Marques, N.; Trofimenko, S. J. Chem.
Soc., Dalton Trans. 2000, 4628-4634; (b) Trofimenko, S.; Rheingold, A. L.; Liable
Sands, L. M. Inorg. Chem. 2002, 41, 1889-1896.

60.

Bakker, J. M.; Barbour, L. J.; Deacon, G. B.; Junk, P. C.; Lloyd, G. O.; Steed, J. W. J.
Organomet. Chem. 2010, 695, 2720-2725.

123
61.

Yu, Z.; Knox, John E.; Korolev, Andrey V.; Heeg, Mary J.; Schlegel, H. B.; Winter,
Charles H. Eur. J. Inorg. Chem. 2005, 2005, 330-337.

62.

Dastrup, D. M.; Yap, A. H.; Weinreb, S. M.; Henry, J. R.; Lechleiter, A. J. Tetrahedron
2004, 60, 901-906.

63.

Muñoz-Hernández, M.-A.; Hill, M. S.; Atwood, D. A. Polyhedron 1998, 17, 2237-2242.

124
ABSTRACT
SYNTHESIS AND CHARACTERIZATION OF METAL COMPLEXES CONTAINING
TETRAZOLATE, POLY(TETRAZOLYL)BORATE, AND
POLY(AZOLYL)ALUMINATE LIGANDS AS HIGH ENERGY DENSITY MATERIALS
by
CHRISTOPHER JAMES SNYDER
May 2013
Advisor:

Dr. Charles H. Winter

Major:

Chemistry (Inorganic)

Degree:

Doctor of Philosophy

A series of heavy alkaline earth metal tetrazolate complexes has been synthesized that
contain metal ions saturated by aqua ligands. Tetrazolates with small ring-core carbon
substituents favor formation of two dimensional polymers with μ3-coordination of the tetrazolate
to the metal centers. Tetrazolates with bulkier groups block coordination to the 1- and 4-nitrogen
atoms, resulting in monomer formation. The first example of a trihydro(tetrazolyl)borate was
prepared, and its bonding is heavily influenced by the basic BH3 moiety. 18-Crown-6 adducts of
dihydrobis(tetrazolyl)borate complexes have been prepared that contain B-N bonding to the 2nitrogen atoms, due to bulky ring-core atom substituents. A series of alkali metal
hydrotris(tetrazolyl)borate complexes has been prepared by closely monitoring the reactions by
electrospray ionization-mass spectrometry. The lithium hydrotris(tetrazolyl)borate complex
contains κ3-N,N,N bonding that is analgous to the bonding mode of hydrotris(pyrazolyl)borate
ligands. The 18-crown-6 adducts of the sodium and potassium hydrotris(tetrazolyl)borate salts
adopt η2-N,N and κ2-N,H coordination modes, respectively, due to steric hindrances between the
18-crown-6

and

hydrotris(tetrazolyl)borate

ligands.

The

bonding

modes

of

the
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hydrotris(tetrazolyl)borate complexes are stabilized by many hydrogen-bonding and dihydrogenbonding contacts between the hydrotris(tetrazolyl)borate ligand and the ancillary ligand on the
metal center. A series of poly(pyrazolyl)aluminate complexes containing aluminum-hydrogen
bonds has been prepared, and these complexes exhibit similar coordination modes to their
poly(pyrazolyl)borate analogues. Pyrazolyl exchange processes occur at room temperature in
solution due to the weak Al-N and Al-H bonds. Salt metathesis of the new complexes with
metal(II) halides yielded ligand, hydride, or pyrazolate transfer, depending on the metal and
reaction conditions. The reactivity of 5-substituted tetrazoles with lithium aluminum hydride was
investigated in an attempt to prepare tetrakis(tetrazolyl)aluminate salts at low temperatures to
avoid thermal decomposition of the parent tetrazoles. The reactions yielded complex reaction
mixtures that were only soluble in polar solvents. A lithium tetrazolate was isolated from one of
the reaction mixtures, which may be due to an equilibrium between the lithium
tetrakis(tetrazolyl)aluminate complex and lithium and aluminum tetrazolate complexes in
solution.
All tetrazolate and poly(tetrazolyl)borate complexes presented herein are thermally stable
above 200 °C, are insensitive to shock, friction, and electrical discharge, and can be handled
safely. The tetrazolate complexes described herein deflagrate or explode upon exposure to a
flame, and therefore may serve as secondary energetic materials or colorants in pyrotechnics.
The poly(tetrazolyl)borate complexes are insensitive to the flame test, with the exception of the
lithium hydrotris(tetrazolyl)borate, which explodes upon exposure to a flame.
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